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XIIL—A NEW PHOTO-ELECTRIC AND IONISATION EFFECT. 


By U. A. Oscuwatp, B.A., and A. G. Tarrant, B.Sc., A.R.C.S., F.dnst.P. 
Received October 23, 1923. 
(Communicated by S. SKINNER, M.A.). 


ABSTRACT. 


For the discharge in a neon lamp to start a certain minimum voltage is necessary. This 
voltage is found to be affected very considerably by light or other ionising agents external to 

thelamp. This effect is believed not to have been previously recorded. 

The writers have investigated the light effect in some detail, and record that it is produced 
by illumination of any intensity above a very low value (0-01 foot-candles producing an appre- 
eiable effect), that it is caused by rays of a broad wave-band in the visible spectrum, with a 
maximum effect in the orange, and that the seat of the effect is located on the surface of both the 
metal electrodes, irrespective of polarity. 

A similar effect, but one whose mechanism is believed to be different, is found to be caused 
by rays from uranium oxide and from an X-ray tube. In the latter case it was extremely well 
marked, so that it is possible to detect by this means X-rays from a very feeble tube at a distance 
of 90 feet. Certain practical applications of this effect are suggested. 


"THE experiments described below were the outcome of the accidental discovery 
| of the effect of external illumination on a neon lamp. As the effects them- 
selves may be of some interest, and are in some cases believed to be quite new, 

they are recorded here with only very brief and tentative suggestions as to. their 

underlying causes and mechanism. 

As a preliminary step, the lamp was examined fairly comprehensively from 
the electrical point of view. This examination forms the subject of another Paper 
by the same authors, to which reference must be made for accounts of the general 
electrical properties and behaviour of the lamp, and for the experimental methods 
necessary to secure consistent results. The same lamp, lamp mounting and current 
supply arrangements as are there described were used in the experiments described 
below. 

One feature of the lamp requires, however, special emphasis here. As the glow 
of the lamp is an ionic effect, it may be regarded as analogous to the ionic discharge 
usually known as the electric arc. In common with the arc, it consists of a discharge 
between two insulated electrodes, and,must be started by some process analogous 
to “‘ striking the arc.” The authors have found that if the voltage exceeds a certain 
value (about 180 for the lamp used by them) the discharge will start even if the lamp 
is screened from outside ionising agents, though in this case some delay may occur 
if the lamp has been idle for a long time. 

If the voltage, on the other hand, is less than about 140 volts (for the lamp 
examined), under no ordinary circumstances will the discharge proceed, nor has it 
been found possible to start it by means of any external agency. i. 

Between the two limits mentioned, however, it has been found that the discharge 
will proceed if once started by any external agency. Several of such agencies have 
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been found to be effective, of which the most remarkable is light. Thus, while the 
lamp discharge will not start in the dark if the voltage is below 180, it will start 
if the lamp is exposed to light at any voltage above 164.* It is remarkable that 
this value is almost independent of the source or intensity of the light if it exceeds 
a certain minimum, at any rate up to intensities of 1,000 foot-candles. 

Under X-rays, on the other hand, the lighting voltage is as low as 143 volts for 
fairly intense rays. It seems probable, moreover, that the mechanism of the light 
effect is not the same as that of the X-ray effect. 

The presence of radioactive substances also causes the lamp discharge to start 
below 180 volts, but in this case the experimental data are hardly sufficient te 


Fic. 1.-—G&NERAL ARRANGEMENT FOR LIGHT TESTS. 


warrant the classification of this effect with the light effect, or with the X-ray effect. 
The latter is, of course, more probable. 
The Paper may be divided into the following sections :— 
I. Observational Methods. 
Il. Effect of Light. 
(a) Effect of varying light intensity. 
(6) Effect of varying light wave-length. 
(c) Location of effect inside lamp. 
(ad) Other light investigations. 
Ill. Effect of X-rays. 
(a) Distance from tube, 
(b) Screening by various substances. 
IV. Effect of Radio-active Substances. 


I. OBSERVATIONAL METHODS. 


The importance of allowing for previous history and for time-change of lamp 


condition are emphasized by the authors in their report on the electrical properties 
of the lamp. 


x These values, together with all such limiting values quoted in this Paper, must be regarded. 
as subject to a possible variation of one or two volts. In spite of all efforts to standardise lamp: 
condition, the values on different occasions were found to vary by one or two volts, though in. 
‘any one set of readings they were remarkably consistent. ‘ 
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The following routine was adopted, and found satisfactory in practice. The 
lamp was switched on for a few seconds, and then allowed to stand idle for a measured 
period of 120 seconds. The voltage having been adjusted to slightly under the 
_ expected lighting voltage, the current was then switched on, and the voltage raised 
fairly quickly but steadily till the lamp discharge started. The lamp switch was 
then instantly opened, and the (open circuit) voltage across the lamp noted. The 
next reading (which might be a repeat of the previous one, or a reading under different 
external conditions) was taken after a further measured interval of 120 seconds. 
By this means very concordant results were obtained. 
The general arrangement of lamp, voltmeter, switch, batteries, and potential. 
divider, is shown in Fig. 1. | 


te Il. Ligur EFrects. 
(a) Light Intensity. 

Preliminary tests showed that very similar effects were produced by all the 
sources of light tried, which were : 


(1) A 10-ampere carbon arc, with condenser, at a distance of 2 metres. 
(2) A 20-watt tungsten vacuum lamp, at 1 metre. 

(3) A 16-c.p. carbon lamp, at 1 metre. 

(4) A match flame, at 1 metre. 


All the above sources of light produced a drop in the starting voltage from 18C 
to about 162 to 164 volts. 

For more exact investigation the lamp was mounted on the photometer-head 
stand of a photometric bench, and a small 4-volt carbon lamp used as illuminant. 
For the dimmest illuminations the light was further reduced by the interposition of 
one or more sheets of ground glass. The illumination was calculated by photometric 
observations on the source of light (and the obscuring devices, where used) in which 
it was compared with a 20-watt tungsten lamp. 

The effects observed may be tabulated thus : 


Illumination Starting Voltage 
{Foot-Candles). (Volts). 
0 Be oe os om Be rs 182 
0 (repeat) ek shes ae = oe He 182-5 
0-009 aoe “ie a eas ae a 180-5 
0-018 we ne ae ae an ee 175-5 
0-023 sive wa te aC se are 174 
0-032 rs ee me sh ue ae 172-5 
0-036 ae os ms 2 ae 26 L71:0 
0-072 rs ee mes ee ses er 170-4 
0-145 a an Ee cr fe ~ 168-5 
0-24 ne is ae: ne gi. 7 167-7 
Asymptotic value for brilliant illumination ... 164 to 165 (about) 


These results* are exhibited on the curve shown in Fig. 2. 


* It must be clearly understood that, consistent as these results appear, it is not impossible 
at they may be affected to some extent by the rate at which the voltage was raised. T ime may 
a very important factor, especially at low illumination values—there are theoretical reasons 
ye expecting this to be the case. This point is still under investigation. bs 


U2 
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(In this connection it may be pointed out that the usual illumination on reading 
desks, &c., is from 1 to 10 foot-candles. The effect here observed will be seen to be 
clearly measurable with a light intensity of less than one-hundredth of this value. 
It will also be remembered that measurable photo-electric effects have hitherto 
required in most cases very intense illumination from arc lamps and very frequently 
require light not only of very great intensity but very high vibration frequency. The 
illumination necessary to produce the effect here described is not only very small, 
but, as will be seen in the next section of this report, need only include rays of com- 
paratively low vibration frequency, i.e., towards the red end of the visible spectrum.) 


(6) Wave-length. 


The above mentioned preliminary tests showed that the effect was apparently 
independent of the colour of the light used. To study this more closely, the lamp was 


i : 


' 


7 
4 
7 
: 


165 - 
5 Final Value 


160 
0:05 01 0-15 0-2 O25; 
Foot- Candles. 
Tic. 2.—CuRVE CONNECTING STARTING VOLTAGE AND ILLUMINATION. 


i 


enclosed in a wooden box provided with a slit at one end (the camera of a Blondell 
oscillograph was used). As source of light a 12-ampere carbon arc was used, enclosed 
in a lantern with a condenser. A slit, lens, and prism were so arranged as to project 
a large pure spectrum on to the end of the lamp box. The lantern, lenses, prism, 
&e., were mounted on a table which could be rotated on a pivot vertically under the 
eee See by turning the table round, any required part of the spectrum could 
: _ oe se rae ae kas Pega of the lamp box, but the angle of incidence on the 

Inside the lamp box the lamp was so mounted that the narrow beam of light 
entering through the slit, fell upon the lamp electrodes, other experiments haying 
shown that this was necessary to produce the effect under observation. | 


| 
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_ The general arrangement of the apparatus is shown in Fig. 3. 
| The results obtained were the following : 


7 Part of Spectrum Lamp. 
: falling on slit. Starting Voltage. 
Ee ee (178 
(Dar k—are lamp not running) s eis (LIDS 
Dark Red ae ae et os dy — 171-5 
Bright Red _... ae sen = a is 170 
Orange oo ae = os oe os 166-5 
Yellow oe p i Sf Be = 169 
Bright Green a Le a ois re 168 
Blue 2 be ads sr i re 170 
Indigo aay ee Sat we a Boe ihe 
Violet “ i is ae ae 174:5 
(Full Light, no prism used) ae ies 162 


These results may also be qualitatively expressed i in the curve of Fig. 


Fic. 3.—ARRANGEMEN’T OF APPARATUS FOR WAVE-LENGTH TESS. 


) Location of Effect Inside Lamp. 
With a view to locating the part of the lamp from which the light effect arose, 
lamp was mounted as before in an oscillograph camera, fitted with a fine slit at 
re end, and a second fine intermediate slit near the lamp. Light from an arc lanap 
s sent through the two slits, and struck whatever part of the lamp was placed in 
with them. The outer slit was fitted with an electromagnetic shutter. ° 
The experimental routine for this test was not the same as that above described, 
the test was carried out before the above mentioned routine had been developed. 
results, however, are quite consistent. For this test the time interval between 
first instant of exposure to light and the start of the lamp discharge was 
asured, as preliminary tests had indicated that under feeble illumination. there 
some delay, which decreased with the light intensity. The standard two 
imutes rest between observations was given. 
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In considering the results, the actual arrangement of the lamp electrodes must . 
be remembered. This may be indicated by the horizontal section diagram, Fig. 5. 
The two outer “ wings”? form the negative electrode, the inner rod forming the 
sitive. ey 
7 The various light paths that were used are indicated by the lines A, B, C, DJ 


and E. The results obtained show the following :— , 
Time before 


Light Path. Discharge Started. 
A (Missing wings) ae Et ae sith ... Indefinitely large. 
B (Striking outer wings) ... re i ed ... 2 to 4 seconds. 
C. i =f os a ute ate Bae - rs 
D* between centre and side electrodes ... wus ... 28 to 40 seconds. 
E on centre electrode ae ; — ee Oe: e 


Each time quoted was determined several times, the observed times lying within 
the limits quoted. 


780 


Dark Value 
175 
»n 
& 
SS 
170 5 
: 
x 
165 : re 
(Dark.) er a Ss (Dark) \ 
09) = < ai Se ae ; 
foe =e ee ae | 
= : 
fe Se 295 Somes 
Q 


I'ic. 4.—CuURVE CONNECTING STARTING VOLTAGE AND CoLouR OF Licu?’. 


These results show clearly that the seat of the light sensitivity of the lamp must” 
be located on the electrode surface, and not in the gas in the lamp. 

It is rather remarkable that no difference was found between the positive and 
negative electrodes in this respect. ; 


Miscellaneous Light Effects. 


» 


“ Delay Action” of Light.—It is of some interest to know whether the light 
effect instantly ceases in the dark when the light is shut off. To study this point, 
the lamp was placed in the oscillograph box above mentioned, and exposed to light 
entering through the electromagnetic shutter slit. After long exposure to bright | 


* It will be remembered that, owing to the very small clearance between centre and side 


electrodes, it was extremely difficult to prevent the edge of the light beam from touching either 
centre or side electrodes. ; 


A New: Photo-Electric Effect. 247 


light, the slit was shut and the lamp current instantly switched on. No trace of 


light effect was detected, showing that the effect ceases very rapidly when the light 
is shut off. 


III. Errect or X-Rays. 
(a) Distance. 


To study this effect, the lamp was screened from light by a cardboard box 
{which would, of course, be quite transparent to X-rays), and exposed to radiation 


from a small and very soft X-ray tube. The standard experimental routine was 
carried out. 


The following results were obtained :— 


Distance between Lamp Starting 
X-Ray Tube and Lamp. Voltage. 
Infinite (tube not in action) ... a a am 180 
2,700 cm. bh: ec oe ae ae a 174 
2,100 cm. sine ~~“ aed he ais aa 172°5 
1,300 cm. ans he ee oe os ate 167 
1,300 cm. ace es ee ae fs or 167-5 
800 cm. ot 8 Sn ee “as Eas 165 
370 cm. 55 ae poe xe a si 164 (?) 
125 cm. ie se Rae 3 aan oe 164-5 
31 cm. Bee Sg ase ae ae 285 164 
15 cm. te ire ws ae ae ap 143 


Fic. 5._—PLAN-SECTION OF LAMP, 


It will be seen that, with comparatively weak X-rays, it is possible to reduce 
the starting voltage to 143—a value much lower than the lowest reached by the use 
of light. (This low value must not be regarded as due to an isolated or “ freak” 
measurement. It was consistently and repeatedly obtained.) 

The extreme sensitiveness to very weak X-rays may be noted. Using their 
very small and weak apparatus, the authors were able to signal over distances up 
to 90ft. The possible use of this means of signalling over much longer distances 
may be here suggested. 

The variation of the lighting voltage with X-ray intensity may also be capable 
f practical application in the provision of warning devices for X-ray workers. 
A suitable neon lamp, supplied with current from a potential divider and provided 
ith a voltmeter, would provide an extremely simple and convenient means of testing 
of effectiveness of protective devices in use by X-ray operators. 


— 
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(b) Screening by Various Substances. di 
Various bodies were interposed between the X-ray tube and the lamp, which 


“were placed about 25 cm. apart. The results obtained were :— 
Lamp Starting Voltage. 


(Tube not working) ne a ac Bc ses 184 
Tube screened with 2-5 mm. of lead... ies A a 7 hee 
Tube screened with tin plate 0-75 mm. thick ... vit ae .. 168 
Tube screened with aluminium sheet— 
2mm. ed Bas ee le Bee ree eee see, OD: 
4 mm. aay age aaie ae Be he gi | Hee eG 
6 mm. Ae sie ae ate ae ats ae soot ohi6S 
8 mm. ec we art she ae Ae Bee pr 69D 


IV. Errect oF RADIO-ACTIVE SUBSTANCES. 


The lamp was shielded from light by a cardboard box, and. uranium oxide 
sprinkled on the lamp support. The lighting voltage under these circumstances 
was found to be 166. After removing the uranium oxide the lighting voltage rose 
to 183. Thus the effect of uranium oxide is very marked. 

No variation of conditions was attempted. But as the radiation from uranium 
oxide can be regarded as very closely allied to X-rays, it is probable that the same 
law of variation of effect with distance which applies to the X-ray effect would apply 
to this case also.” 

In conclusion, the authors’ thanks are due to the Governors and Principal of 
the Chelsea Polytechnic for facilities afforded for this research, and to their colleagues 
on the staff of that Institution for certain helpful suggestions made during the course 
of their experiments. 


(ADDENDUM TO THE ABOVE REPORT.) 


(Since the above notes were prepared for publication, a further very remarkable 
fact has been observed, concerning which the writers would beg leave to report in 
this additional note.) 

The lamp with which the above results were observed was in no way specially 
selected. A “star electrode,” British made, Osglim lamp, it was bought with others 
over the counter from a retailer, and was being shown to students when the light 
effect was first observed. A Dutch “‘ bee-hive electrode ’’ lamp which happened at 
the time to be available was also tried, and showed the same effect to a somewhat 
less marked degree. | ae 

As both these lamps were chosen quite at random, and were of different type, — 
manufacture and origin, there seemed no reason to doubt that this effect was a 
perfectly general property of the Neonlamp. To eliminate variations due differences 
in details of lamp manufacture, it was decided to carry out quantitative investiga- 
tions on one lamp only, with results that have been reported above. These results:. 
have been observed many times, and the lamp has behaved quite consistently—the 
light effect, for instance, has been observed upwards of 500 times. 

On repeating these tests recently with other lamps of both British and Dutch 
origin, while all show the X-ray effect. to some extent, in no case has the light effect. 
been found to anything like the same degree. In fact, it is not at all recognisable. 
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m several lamps of recent manufacture. It must, therefore, be regarded as an 
individual-peculiarity of the lamp with which the above tests were carried out.. 

No reason can be assigned for this except by those to whom the details of lamp 
manufacture are available, and further study of this effect must be left in their hands. 
It would be, however, most interesting if any who have lamps available (particularly 
Jamps manufactured during the first few months of British Neon lamp manufacture) 
would try them for this effect. The writers would be glad to receive news of any in 
which this effect is at all well marked. ; 


ADDENDUM | 
(Received May 7, 1924). 


It must be clearly understood that the above results were obtained with one 
and the same lamp throughout. Having no information as to possible changes in 
the manufacture of these lamps, it seemed well to avoid unknown variables as far 
as possible by using one lamp throughout. The initial effects were, however, con- 
firmed by repeat observations on a foreign-made lamp of somewhat different type, 
and the good agreement seemed to indicate that the effects observed were perfectly 
general to this class of lamp. Some very recent observations, carried out after the 
above results had been communicated, have shown that some more recently manu- 
factured lamps show no trace of the effect at all, and in some others, while it is 
apparently present to a much reduced extent, it is shown to such a small extent that 


it is difficult to be certain of its existence. 

These results are in such marked contrast to the exceedingly well-marked and 
consistent results obtained with the former lamp, and recorded above, that we are 
forced to the conclusion that some change has taken place in lamp manufacture 
that eliminates this effect. The matter must be left, therefore, to those to whom 
details of lamp manufacture are known, for further elucidation. 


DISCUSSION. 


Mr. J. W. RypE: I have been very interested to hear Messrs. Oschwald and Tarrant’s 
Paper as I have been working along similar lines myself at various times during the past two or 
three years. The action of radioactive substances and X-rays in reducing the starting potential 
of gas discharges is well known. Hemptinne, in Comptes Rendus, 1901, showed that the discharge 
in vacuum tubes began at lower potentials when under the influence of radium. Elster and 
Geitel in 1899 showed the same for the spark discharge in air. I have not seen the recent German 
Paper referred to by Mr. Tarrant, but in 1896 Warburg found that in a vacuum tube filled with 
hydrogen at 11 mm. pressure, with platinum electrodes 4:5 cm, apart, the starting potential 
was 960 volts in daylight, 1,080 in the light of an arc lamp, 1,26) in the light of an arc through 
glass and still greater in the dark. The effect on the lag was considerably greater, thus when in 
the dark the discharge did not always pass even when the potential was about nine times that 
required to start it every time when illuminated from the arc. He does not, however, explicitly 
state that visible light only would produce the effect. 

_ The present authors mention that they have found that the maximum effect is produced 
by orange light. I do not see how they can make quite so definite a statement as this as they 
do not appear to have taken into account the energy distribution of the source they used, 
especially as in Fig. 2 the magnitude of the effect is shown to depend upon the intensity of the 
illumination. In the case of radiation from a black body at about 3,000°K. the energy of the 
yellow is of the order of 10 times that of the violet radiation, so that it is possible that the 
violet and ultra-violet radiations may be really more effective than the orange. 

I first noticed this effect in Osglim lamps in 1921. Later it was particularly obvious when 
we started to make photographic dark-room lamps by staining the bulb of Osglim lamps a deep ° 
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red. Since then, though I have not had the time to study it in much detail, I nevertheless have » 
made a number of observations on it in various forms of discharge tubes. 

As I have been able to extend the observations somewhat further than the present authors, 
perhaps I may be excused if I describe very briefly the principal results. ; ; 

Warburg and others have shown the considerable effects, produced by impurities, on the 
cathode fall and starting potential, and it may be stated that in general no reliable tundamental 
results can be obtained from observations on discharge tubes unless the greatest precautions 
ate taken to purify the gases used. 

In consequence, my first investigation was made on the effect in very pure gases, great 
care being taken to gas free the glass and electrodes thoroughly by baking in vacuo, nearly to 
the melting point, then running the discharge several times and subsequently pumping out the 
gas and refilling. 

The results were as follows: Pure helium with electrodes of Ni showed an average difference 
between dark and dim light of 1 volt and between dark and very bright light 1 volt. 

Pure Ne, He mixture in tubes with electrodes of Fe, Ni, Mn, Al, very doubtful effect, if 
any. Oxidised iron electrodes were also tried, for reasons which I will mention later, but with 
atill practically no effect. 

Very pure nitrogen with Ni electrodes gave very small effect, if any. Pure hydrogen with 
Fe and Ni electrodes was then tried, as, according to Warburg’s results, this should show the 
effect. ‘The starting voltage in the dark was found to be 242 volts, but with very dim illumination 
it was 9 volts less, and in very strong light 10 volts below that in the dark. Next, mixtures 
of rare gases were tried with various metals as electrodes, but with no appreciable effect. Thus 
with a mixture of He and A the starting voltage was 260 volts, both in the light and dark, but 
in a similar tube having in addition a trace of hydrogen gave 212 volts in the dark and 210 in 
the light. 

Thus the effect seemed to be connected with the presence of hydrogen, so that the next 
experiments were conducted on mixtures of the rare gases and hydrogen with the following 
results :— 

Argon and 15 per cent. H, with Fe electrodes gave an average difference between light and 
dark values of 5 volts, and with Ni electrodes 10 volts. Ne, He, and 2 per cent. H,— 

Fe, very brightly polished, showed 3 volts difference. 

Fe, surface of electrodes cleaned in situ by cathodic sputtering, showed 0 volts difference. 
Fe, Osglim star lamp, showed 15 volts difference. 

Ni showed 5 volts difference. 


When during the manufacture of Osglim lamps a heavy discharge is passed through them to get 
the gas out of the metal parts, occasionally films are seen to appear on the electrodes. They are 
of three types, one due to the presence of oxygen, due to a small leak in the apparatus, another 
is black, and is due to the sputtered metal from one electrode being deposited on the other, and 
a third is of a pale brown colour, often difficult to see. The cause of the last is somewhat obscure, 
but seems to be connected with the presence of water vapour and hydrogen. 

On trying tubes having these films it was found that those with oxide films gave very irregular 
results, but those with the brown films generally showed larger differences between the starting 
potential in the dark and light than any other I investigated. Atube with Ne He +2% H, with 
Fe electrodes (having brown film) gave a starting voltage of 215 in the dark and 43 volts less in 
strong light ; another gave 182 volts in the dark and 13 volts less in the light. Summiarising these 
results, which are only provisional, we see that the effect of light seems to be connected with the 
presence of hydrogen in the gas and of certain films (which may be practically invisible) on the elec- 
trodes. Further, with very pure gases the effect, if any, is doubtful. Whether the effect is due 
directly to the presence of H, or to the surface films associated with it and water vapour, itis © 
too early to say. The evidence at present, however, points to the latter conclusion. The fact 
that the authors found the effect in lamps bought some time ago, but not in those of relatively 
recent manufacture, may be ascribed to the fact that the manufacturers now know more 
about the effects of impurities and greater care is taken to eliminate them. 

Drea Ly Hopwoop said that he had repeated the authors’ experiments, as regards the - 
effect of X-rays, with a powerful Coolidge tube. As a result of his experiences he strongly 
suspected that the lowering of the starting voltage was due to the electrostatic effect of the 
oscillating potential in the induction coil used in the X-ray apparatus. On screening the lamp 
electrostatically he found a difference of only a volt or two between the starting voltages with ’ 
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and without X-rays, whereas he was able to produce a substantial lowering by vibrating an 
electrified rod in the neighbourhood of the lamp. Using 50 mg. of radium bromide he was unable 
to reproduce the authors’ results as regards the effect of radio-active bodies, He suggested 
that by using the induction coil without the X-ray tube they might get results similar to those 
obtained with the tube connected. 

Dr. J. S. G. THOMAS congratulated the authors on their striking demonstration. The 


_ phenomenon had recently. been described* by German investigators, who employed the inter- 


mittence effect discovered by Pearson and Anson, which, however, they attributed to a German 
worker. They found that the period of the flash was affected by light, X-rays and moving 
electric charges, the frequency varying as the intensity of the light. The phenomenon might 
furnish a delicate photometric method. It is enhanced by the presence of potassium vapour in 
wa ape a fact which favours the suggestion that it is connected with the ordinary photoelectric 
effect. 

The PRESIDENT pointed out that as the authors’ Paper had been received by the Society 
on October 23rd, 1923, and therefore before the date of the German Paper mentioned by Dr. 
Thomas. He suggested that the point raised by Dr. Hopwood should be put to the test by 
trying the effect of the induction coil with and without the X-ray tube. 

Dr. F. L. Hopwoop (subsequently communicated): I have now had an opportunity of 
seeing Messrs. Tarrant and Oschwald repeat their experiments in their laboratory and to carry 
out similar experiments in my own laboratory. I find the effects described by them are not to be 
attributed to electrical oscillations, but are true photo-electric effects of the kind fully described 
and explained by J. J. Thomson in his “‘ Conduction of Electricity through Gases,’’ when dis- 
cussing Warburg’s experiments. My failure to detect any effect other than that due to electrical 
oscillations was probably due to the fact that the room in which I first attempted to repeat 
their experiments was contaminated by radio-active deposits formed by the escape of radium 
emanation, which was known to have occurred some time previously. In another ‘‘ clean ”’ 
room, the effects were easily obtained. 

AUTHORS’ reply (communicated) : In the course of his most interesting remarks Mr. Ryde 
devoted much time to combating the use of the word ‘‘ new ”’ in our titie. We were aware that 
the effect of light on the high-tension electric discharge had been studied from the time of Hertz 
and Hallwachs down to the present day. But the results previously recorded differ very widely 
from those here recorded in scope, nature and degree. 

We note with great interest that the lamp manufacturers have already noted this effect. 
It has been apparently regarded by them, however, as an inconvenient anomaly to be avoided 
if possible, but scarcely to be published. We, on the other hand, have laid our results freely 
before this society, and still believe ourselves to be the first observers to bring the phenomenon 
before the scientific world. 

It is rather difficult to see what Mr. Ryde wishes us to infer from his remarks about the 
energy distribution in the arc spectrum. Does he imply that the effect is due to the total radiation 
from the arc? If that were the case, there would be a maximum in the red or infra-red of the 
spectrum. If the effect depended essentially upon energy absorption, the energy per light 
quantum would, of course, be the important consideration, and this would increase almost without 
limit as we go further into the violet and ultra-violet region of the spectrum. The whole facts 
of the case seem to point to a selective photoelectric effect as the underlying cause, and the 
spectrum-effectiveness curve seems to bear this out completely. 

In reply to Dr. Hopwood, we fully agree that different lamps show different sensibilities 
towards light, and, presumably, towards X-rays also. We took precautions that seemed to us 
to be adequate to guard against electric oscillations, and are firmly of opinion that, while the 
extreme lowering of the lamp starting voltage when the X-ray tube was very neat may possibly 
be due to electrostatic effects, the lowering produced by a distant X-ray tube is certainly due to 
X-rays themselves. 

We are very sorry that the experiment of removing the X-ray tube, that we carried out 
before the Society at the suggestion of the Chairman, gave no conclusive results. All workers 
with the Neon lamp emphasise the importance of using very steady electric supply from batteries 
rather than dynamo supply, and the supply at this meeting is dynamo-produced and very variable 
in voltage, irregularities of as much as five volts occurring within a few seconds, in addition 


* “ Versuche mit der Glimmlampe als Zahlkammer,”’ by O. v. Baeyer and W. Kutzner, 
Zeit. Physik., 1924, Vol. 21, p. 46. Published January 24, sent in December 9, 1923. 
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to a most pronounced “‘ ripple.’’ We have invited Dr. Hopwood to repeat these tests in our 
laboratory at Chelsea. : ‘Fo vf 

(LATER.)—On March 26, the above-mentioned experiment was carried out in the presence 
of Dr. Hopwood and Major Phillips, and a further test performed, whose results are of such interest 
that leave is asked to itclude mention of it in this reply. p 

There seemed little doubt that the effect was genuinely due to X-rays, for it was obtained. 
with the lamp in a fairly complete electrostatic shield. To make matters absolutely certain, a 
test with radium was suggested, and a supply of radium being very kindly lent by Major Phillips,. 
this test was carried out with the following results :— 

One milligram of Radium Bromide was placed near the Neon lamp, which was protected. 
from light by a cardboard box. The starting voltage was found to be about 160. When the 
Radium Bromide was removed to a distance of about 6 ft., the starting voltage was about 162, 
and when it was removed to a distance of about 27 ft., and placed behind a piecefof lead 2 mm. 
thick, the starting voltage was 165. 

The Radium Bromide being removed to another room, so that it was about 50 ft. from the 
lamp, with two thick brick walls between the radium tube and the lamp, the starting voltage 
rose to its normal value of about 180. The following set of tests were therefore carried out in the 
following order :— 


Position of tube containing Lamp starting 
1 mg. Radium Bromide. voltage. 

Very distant ne asa ais na es a as ane 181-5 , 
27 ft. from lamp, 2 mm. lead between ... ait B85 siete ax 165-5 
Very distant eee ode <cis a oie he se hee 182-0 
27 ft. from lamp, 2 mm. lead between ... ae 5 ope or 165-0 
Very distant “an ie son at ae ie ec) no 181-0 
27 ft. from lamp, 2mm. Jead between ... ae = aie's aah 167-5 
Very distant wee oes br bas cats wes Ba Roe 182-0 


The Neon lamp is therefore an extremely sensitive detector of the presence of radioactive 
substances, and in the light of these results there seems no reason to doubt that the effect of a 
very small X-ray tube 90 ft. from the lamp is genuinely due to X-rays. 

We must express our most sincere thanks to Dr. Hopwood and Major Phillips for their kind 
co-operation in these tests, and have great pleasure in putting the lamp concerned at their dis- 
posal for the further development, with the greater experimental facilities available to them, of 
this interesting and possibly useful effect. 
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ABSTRACT. 


The characteristic (voltage and current) curve of the “‘ Osglim ’”’ neon-filled lamp illustrates 
many of the properties of the discharge of electricity through rarefied gases. The identity of 
the sparking potential with that necessary to produce a minimal current through the gas, pointed 
out by Townsend, is clearly confirmed. Part of the characteristic is negative, and thisresults 
in the lamp discharge becoming intermittent on a direct current supply, over a certain range of 
external resistance, independently of any external condenser in the circuit. 

This tendency to a negative characteristic appears, whatever the current through the lamp, 
when any change is made in the circuit, and this produces instability at the moment of switching 
on the lamp, and in the case of A.C. supply causes an intermittent discharge during that part 
of the cycle, when, so far as the supplied volt are concerned, one would expect a continuous 
glow. 

Illustrations are given of the use of the lamp as an indicator in a commutator method of 
measuring the frequency of alternating currents. 


I. INTRODUCTORY. 


"THE Osglim lamp, consisting of pure iron electrodes two or three millimetres 

apart in an atmosphere of neon (with small quantities of helium, hydrogen, 
mercury vapour and other gases), is essentially a low-vacuum gaseous discharge 
tube ; the study of the lamp which forms the greater part of the subject matter of 
this Paper shows that the peculiarities of its voltage-current characteristic are 
explicable by the known facts as to electric discharge in gases at the pressure, 
about 10 mm. of mercury, to which these lamps are exhausted.* 

The characteristic curves of the lamps have been described for a range of about 
150 to 200 volts by Pearson and Anson,+ and by Macgregor-Morris, Doughty and 
Privett.{ Pearson and Anson show that for a considerable range the characteristic 
curve is straight. We have redetermined these curves with great care, and have 
extended the range down to the smallest currents which will maintain a discharge 
through the lamp. 


II. DETERMINATION OF THE VOLT-AMPERE CHARACTERISTIC. 


The readings were made by connecting the lamp in series with a battery of 
secondary cells, a shunted suspended-coil galvanometer calibrated as an ammeter 
and an adjustable resistance, by varying which the current through the lamp was 


* Ryde, Photographic Jour., June (192£). See also on Neon-Filled Lamps, Moore, Gen. 
Isfec.fRev., 23, July (1920). 
i + Proc. Phys. Soc., 34, p. 204 (1922.. 
_ | t Electrician, Dec. 1 (1922). 
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controlled. The P.D. across the lamp terminals was measured by an Ayrton-Mather 
Electrostatic voltmeter. a 

Simultaneous values of current and P.D. were recorded, in most cases decreasing 
the current step by step ; the few observations made with increasing current were in 
perfect agreement with the others. There was no evidence of hysteresis, so far as 
these final steady values are concerned. 

A number of Osglim lamps were examined, some containing the ballast resistance » 
which is inserted in the base of the lamp and others without it. In the former case 
the voltage drop through the resistance has been deducted, so that all figures quoted 
give voltages between the electrodes. As noted by previous workers the current and 
voltage for any given source of E.M.F. and external resistance, only settle gradually 
though fairly rapidly to their final values. When the current is first switched on 
its initial value is much greater than that to which it finally settles ; it may take as 
much as fifteen or twenty minutes to take up this steady value, and the decrease is 
most marked at the highest voltages. This is a particularly well marked and pro- 
tracted instance of the following general phenomenon ; on any change of the external 
resistance the current in its resulting change “‘ overshoots the mark,” and then 
creeps back to a final steady value. The voltage change, on the other hand, does not 
at once proceed to its full extent, but increases or decreases gradually to its final 
value. During the settling-down process, in other words, the voltage and current 
are varying in opposite senses. 

Of the two alternatives to take readings immediately after changing the external 
resistance, or to wait for the ultimate steady state, we chose the latter, because the 
data thus obtained are definite and reproducible. Those taken just after a change 
depend a good deal on the magnitude of the change and on the immediate past 
history of the lamp, as described later.* 

Most of the work was carried out with lamps in which the larger electrode is 
a letter I—i.e., a straight strip of iron, so that the discharge took place between two 
approximately parallel electrodes. Other forms were also tested, such as the letter 
W or the Star type, and were found to possess quite similar properties to those of 
the I type, but the form of the larger electrode introduces some complexities, espe- 
cially with small currents when the area covered by the glow is shrinking. 

Measurements of voltage and current were also made by a potentiometer arrange- 
ment. It is to be noticed that the two methods are essentially different ; in the 
first it is the current through the lamp which is directly varied, the P.D. across the 
electrodes changing accordingly ; in the second the voltage is directly controlled, 
and the current changes as a consequence. The results were in agreement with 
those of the first method, but it is obvious that the potentiometer method cannot 
give the portion of the characteristic to the left of the point corresponding to the 
minimum voltage (Fig. 3.). 

IIT. SPARKING POTENTIAL. 

The sparking potential, that is the minimum voltage necessary to start a dis- 
charge, was measured at the beginning and end of a test. It is quite definite for a 
given lamp, though it varies by several volts from lamp to lamp,t and is measured 
directly by increasing. the voltage across the lamp until discharge occurs. This 


* See also P. & A., l.c., and M.D. & P., Lc. 
+ Pearson and Anson, l.c. 
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may be done either by a set of accumulators the number of which is increased one by 
_one until a glow apppears or by using a source of E.M.F. greater than the sparking 

potential with a potentiometer arrangement. The two methods give identical 
results. 

This potential has also been measured by making use of Pearson and Anson’s 
method of producing flashes.* The apparatus is represented in Fig. 1. If R, 
and R, have such values that the lamp is glowing when R is zero, then by increasing R 
sufficiently flashes will be obtained. Maintaining this value of R one finds the 
minimum value of R, (for any given value of R,) necessary to start or keep the lamp 
flashing. The voltage across R, under these conditions is the sparking potential. 
The experiment can be carried out with any value of the capacity or of the resistance 
R, provided the latter is large enough to give flashes. The values thus obtained 
proved to be independent of both R and C, except when C was zero, and to be iden- 
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tical with those obtained by the previous methods. In the case when C is zero, so 
that only the capacity of the lamp itself is present, the lamp can be kept flashing with 
a lower value of R, than in the other cases. 

The value of F necessary to obtain flashes depends on the capacity in parallel 
with the lamp. For a particular lamp this dependence is shown in the annexed 
table. 


Ge *..: ss Zero. Voltmeter. 0-0002mfd. O-lmfd. 0-5mfd. 1-Omfd. 
Bess: be 510,000 490,000 460,000 307,000 301,000 300,000 


In the first three cases the value of R is very definite ; diminution of R byJas 
little as 1,000 ohms (i.e., by less than 0-2 per cent.), changes an intermittent glow to a 
continuous one. In the last three cases, however, the value is not nearly so sharply 
marked, but depends on how the limit is approached. The values given are those 
obtained when the lamp is allowed to settle down by running for a short time after 
each of a series of small increases of R. In each of these last cases, when the inter- 
mittence has been established, R can be decreased to about 250,000 ohms before the 
glow becomes continuous again. 


* Pearson and Anson, l.c., 
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ITV. MinimuM POTENTIAL. 


The minimum potential difference which will maintain a current through the 
lamp is best found from the characteristic curve—i.e., from the data gained in the 
first method described above ; this gives the rock-bottom minimum. It may, of 
course, also be measured by the potentiometer method. The first experiments of 
this latter kind showed variations of as much as 5 volts, the particular figure obtained 
depending on the immediate past history of the lamp. A very slow decrease of 
voltage gives the lowest value—e.g., 133 volts in the case of the lamp of Fig. 3. By 
the potentiometer method this lamp gave an average value of 136 volts ; a sudden 
drop of voltage from 155 to 138 often, but not always, extinguished the glow. These 
experiments with sudden drop of voltage were made by closing a plug-key which 
short-circuited some of the cells of the battery. The effect on the limiting voltage 
of the magnitude of the sudden drop is shown in the table, in which V, is the initial 
voltage and V, that final one which just failed to cause extinction. 

Va Petree the st ine ee ee 137°5 133 
Woy Gata eran eeecser esse ea al AO 136 133 


When the drop in voltage occurs the area on the electrodes covered by the glow 
contracts immediately to a very small area, if the drop is not quite sufficient to 
extinguish the lamp ; it then expands again, rapidly in the case of the higher voltages, 
slowly in that of the lower, the final appearance being the same as would be obtained 
by a very gradual decrease to the final voltage. Fig. 2 illustrates this in the case of 
the pair of voltages given first in the table; the continuous lines represent the 
electrodes, the broken ones the glow. (a) Shows the contracted glow immediately 
after the voltage is decreased ; the stage (b) is then gradually reached, with the 
glow extending about 2 mm. past each end of the cathode ; the glow then flashes 
suddenly round to the far side of the cathode (c), and there is an accompanying 
large increase of current. The lowest current which was obtained in these tests 
was about 0°3 milliamps ; if the voltage drop reduced the current below this the 
glow was extinguished. 


V. FoRM OF THE CHARACTERISTIC. 


Examination of the characteristic curve of the neon lamp, of which Fig. 3 
is typical, shows that, starting with the largest currents, the graph is a straight line 
from the highest voltage used down to the point A. This part will be termed Region 
I. A is the last point at which the glow completely covers the cathode. At A the 
slope abruptly decreases, but the graph remains straight for further reduction of 
current down to somewhere about B ; this is Region II. To the left of B Region III. 
shows, as the current falls, a slow decrease of the P.D. to a very flat minimum. 
Finally (Region IV.) the graph turns upward, the P.D. increases rapidly and almost 
linearly as the current falls, and approaches a definite value (for a given lamp) for 
vanishingly small currents. We interpret these results as follows :— 

Region I. is that in which the current density is proportional to the current, 
since the cross-section of discharge is roughly constant. The cathode fall in this 
region depends on the excess of the current 1 above a critical value 7). Aston and 
Watson* find the cathode fall in such circumstances to be V otk(t—i)*, where k 


* Proc. Roy. Soc. (A) 86, 168. 
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is a constant and V, is the constant value assumed for currents smaller than 4g, 
This does not appear possible in the present case; the graph is very definitely 
straight, so that V)+k(i—i,) represents the cathode fall, and we may write V=V» 
+k(1—1,)-+ fi, the last term representing a uniform gradient in the rest of the gap. 
From A to B (Region II.) the current density and cathode fall are constant and 
V=V,+ 1. Region III. we take to be that in which the phenomenon of cathode 
fall becomes less matked. This brings us to Region IV., where, with practically 
uniform gradient, decrease in the current—i.e., in the number of negative ions 
available to produce’ others by collision—causes a greater and greater potential. 
difference to be necessary to maintain the discharge. Finally, when the current 
is vanishingly small, we reach the sparking potential as required by the theory of 
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onization by collision.* This is clearly borne out by the tests ; for the lamp illus- 
trated and two others the figures run :— 


Sparking voltage —.......... 153 149-5 161-165 
Limiting voltage _acsz........ 158 150 163 


The fact alluded to above that the current and P.D. only settle gradually to 
their final steady values after a change is made in the resistance of the circuit, and 
this in a quite definite way, may be explained somewhat as follows: Suppose the 
external resistance is reduced ; then there is an immediate increase of current and 
of potential difference between the.plates. This last drives more of the existing 
positive ions to the cathode, and so diminishes the space charge near the cathode, 
and consequently also the cathode fall. Gradually, however, the space charge 
re-establishes itself, the cathode fall rises to its former value and the current corres- 
pondingly drops until the current density recovers its normal measure. The imme- 
diate increase of potential fall across the electrodes is thus finally still further enhanced 
while the initial increase of current is lessened. This is what we have seen to be 
the case. 

* Townsend, Ionization of Gases by Collision, p. 66. 
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VI. THE NEGATIVE PART OF THE CHARACTERISTIC. 


The region of small currents is particularly interesting. Here the characteristic 
is markedly negative, increase of potential fall accompanying decrease of current. 
The form of the curve is somewhat as shown in Fig. 4, being convex upward in part 
ofits length. Let E be the applied voltage, R the external resistance, and consider 
any point P (V, 7) on the curve. Join EP. Then PM=V, so EN=i= V=kRi 
=R.PN. Thus the slope of the line EP is equal to R, the external resistance. 
Hence, if, as at P, the line EP meets the curve from the left-hand side, any slight 
decrease of the current will result in a decrease of the slope of EP—i.e., the current 
is such as should correspond to a smaller R. Hence, if R remains unchanged, 
the current will decrease still more; this part of the characteristic is un- 
stable. This instability gives the necessary condition for the lamp to give an 
intermittent glow automatically, and without the separate shunting condenser 
which produces the Pearson-Anson flashing. The lamp itself possesses capacity, 
and in this unstable region the increase of P.D. associated with the charging up of 
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this capacity goes with a diminished current, or, conversely, a rush of current will 
produce a drop of potential, which, if the fall is rapid enough, may bring the potential 
below that required to maintain the discharge. The lamp will then go out and the 
cycle will recommence. This intermittency is easily observed either by the telephone 
or by a revolving mirror. With the lowest resistance at which intermittence sets 
in the latter is not complete—i.e., the conditions are not definitely unstable. The 
note in the telephone is harsh, and the mirror shows great irregularity in period. 
If the external resistance is increased the periodicity becomes quite regular—i.e., 
the lamp goes out in every cycle. The note is now high and clear ; with resistances 
of about a megohm or upwards the discharge only occupies a small fraction of the 
period, as is shown by the narrow bright lines separated by broad dark spaces seen 
in the rotating mirror. As we have pointed out, if the conditions at P are unstable, 
the line EP must meet the curve from below. The point at which intermittence sets 
in cannot be determined with sufficient exactness to prove the fact absolutely, but 


it appears to be about where the line EP is tangential to the curve, as the above 
theory requires. 
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Further, the form of the characteristic shows that, as the current is made 
smaller, a point should be reached at which the line EP meets the curve again from 
above, i.e., that the instability and the intermittence should cease. Actually, if 
the external resistance is steadily raised, this is found to be the case: the pitch of 
the note in the telephone falls gradually, and then, at a definite point, the discharge 
becomes continuous once more. 

We have studied this part of the characteristic in greater detail. In Fig. 3, 
since the observed points on the negative branch of the curve are mostly in the 
intermittent region, it is clear that the voltage and current values attributed to 
them are merely time averages, depending on the periods and damping of the 
voltmeter and ammeter, as well as on the instantaneous values of the P.D. and 
current during the illuminated part of the cycle. We therefore determined with 
great care a number of points on the continuous parts of the graph, on both sides 
of the intermittent region. The result is shown in Fig. 5. Starting from the 
right-hand side, and increasing the resistance in series with the lamp, the graph 
is traced up to the point A. Intermittence then sets in, and point A’ gives the 
corresponding readings of the voltmeter and ammeter. Still increasing the 
resistance, the succeeding separately plotted points are recorded, and then, about 
the position of the ‘‘ kink ” at C in the curve, the current becomes continuous again. 
Reversing the process, i.e., with decreasing resistance, the separate points 
representing the intermittent region can be got down as far as B, where the current 
becomes continuous again and the characteristic leaps to B’, whence it proceeds 
as before towards the right. 

The actual form of the graph between A and C, i.e., the true values of the 
P.D. and current during the brief conducting part of each cycle, cannot be 
determined. But the position at which the curve turns upward, before intermit- 
tence sets in, does not seem compatible with a single sweep from the part B’A joining 
up to the final continuous part with the smallest currents. Further, the “ kink ”’ 
shows a much-flattened portion ; even if the current is not quite continuous along 
all this flattened part, still the proportion of the time of current-flow to that of 
darkness is increasing, and in such circumstances the readings approximate to their 
positions on a true characteristic curve. For these reasons it appears probable 
| that the true characteristic would have a form something like that shown by the 

dotted curve. While we were unable to make any exact allowance for the 
voltmeter and ammeter, experiments with a commutator show that the latter reads 
proportionately much lower than the former with intermittent currents. 


VII. ALTERNATING CURRENT PHENOMENA. 


A peculiar phenomenon is seen if the lamp is run with alternating current at 
200 volts and viewed by reflection in a rotating mirror. The glow is, of course, 
intermittent with twice the periodicity of the supply, since current passes only when 
the supplied P.D. has risen to the sparking potential (V4) and ceases as soon as it 
falls below the potential (V,) required to maintain discharge. But, further, the 
glow thus produced round about the crest of each half-cycle is not simple, but is 
itself broken into four bright patches separated by dark intervals. If the voltage 
} of the supply is gradually cut down the first and the last of the bright patches become 
| dimmer, and they eventually disappear, the first being the first to go. With further 
| x2 
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diminution the remaining pair weaken and vanish in a similar way. It is clear 
that the applied P.D. cannot be less than Vz during these dark intervals, so the 
suggestion arises that when the sparking potential V4 is reached the resulting rush 
of current causes such drop of potential through the gas that the discharge can no 
longer be maintained. If this be so the same thing should occur also just after the 
switching on of direct current to the lamp. It is not possible to verify this with 
the rotating mirror, because one cannot view the exact start of the current save by 
an unlikely chance. But if the current is supplied through a rotating make-and- 
break commutator, with or without reversal, the phenomenon is at once apparent ; 
the bright segments are cut across by dark gaps. The duration of the first flash 
appeared to be somewhat variable, but our apparatus was not such as to permit 
any measurement of its value. The current certainly flows for an appreciable 
time, for if the commutator bars are made narrow and the spaces wide, the short 
flashes which result are single. The mechanism by which the lamp thus “ puts | 
itself out ”’ until a steady supply of ions has accumulated to carry the discharge 
is obscure, since in these experiments there is no large external resistance to take 
up the potential drop which seems to be thrown out by the lamp. 


VIII. MEASUREMENT OF A.C. FREQUENCY. 


The use of the rotating commutator in these experiments suggested a simple 
method of measuring the periodicity of an alternating current supply. On such 
a supply the electrodes of the lamp glow alternately, while on D.C., of course, 
only one glows. This fact is made use of by connecting the A.C, mains to a 
commutator driven by a small motor, the interrupted current being passed on to:| 
an Osglim lamp. By adjusting the motor speed the current through the lamp: 
can be made uni-directional, as shown by the fact that the glow remains on one 
electrode only. Our commutator made eight contacts per revolution and, by 
suitably connecting the mains and lamp, the current could be either interrupted. 
only or interrupted and reversed. The motor speed was adjusted roughly, by 
means of a rheostat, to give the necessary frequency of interruption ; with such 
adjustment the lamp electrodes glow alternately, but each remains glowing for ani 
appreciable time, the longer the more nearly exact the speed. Final control is. 
obtained by resting the hand lightly on the pulley of the commutator. In this 
way it is possible to keep the lamp glowing on one electrode for ample time to. 
determine accurately the speed of revolution of the commutator. It is not 
essential to secure this condition, for if the speed is maintained alternately just 
above and just below the true speed for, say, two or three minutes, the required. 
frequency is given with good accuracy by the quotient of the total number of 
revolutions by the time. The function of the lamp is to give a criterion for the 
adjustment of the speed, and this it does excellently. 

There are, of course, a number of possible frequencies of revolution of the 
commutator, any of which gives uni-directional current through the lamp. If 
the current is interrupted only, the frequency may be any submultible of the 
A.C. frequency N ; if it is interrupted and reversed, any submultible of 2N. 
Usually one knows roughly the value of N, but if not, runs at different speeds 
enable the true value of N to be found, since if one commutator speed is N/m: 
(both N and m unknown), the next speed is N/(n—1). 
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The following results illustrate the accuracy of the method :— 
Current interrupted but not reversed— 


No. of contacts se ae 3,920 5,880 2,990 
rime (Sec:)) —.:. te os 96-5 145 74 
Contacts per second ... Sas 40-6 40-5 40-4 


.*. frequency of supply=40:5. 


Current interrupted and reversed— 


No. of contacts sae 20,920 5,880 1,960 5,652 
Time (sec.) ...  ... 1465 Q17 73-25 211. 
Contacts per second ... 26:8 Zit 26-8 26-8 


.’. frequency of supply =26-9 x 3/2=40-3. 


DISCUSSION. 


For Discussion see page 278. 


; 
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(Communicated by S$. SKINNER, M.A.) 


ABSTRACT. 
These notes consist. of selected portions of a more comprehensive survey, and therefore deal 


with three isolated problems only, viz. : 

(1) The wave form of an “oscillating ’’ neon lamp. 

(2) The maximum frequency of an “oscillating” neon lamp. 

(3) The persistence of the ionisation in a neon lamp. / ' 

(1) By means of a special accurately timed switch, a neon lamp was thrown into the “ oscillat- 
ing ’’ state, and its voltage measured after any predetermined interval (from 0-005 to 0-5 seconds). 
Thus the voltage-time curve of the “ oscillating ’’ lamp was plotted. Very close agreement with 
theory is found. 

(2) A neon lamp was made to oscillate at its highest possible frequency, which was measured 
by a tuned circuit. Measured frequencies did not agree well in this case with theory, but a maxi- 
mum frequency of about 95,000 is observed. 

(3) A neon lamp was run at such a voltage that if the discharge were interrupted for any 
considerable time it would not restart, the voltage being below the minimum starting voltage for 
the lamp. The circuit was interrupted by a special high-speed interrupter for separate single 
intervals down to 5 x10-° seconds. In no case did the discharge restart, showing an ionisation 
persistence of less than this interval. 


[8 connection with certain experiments on the neon lamp it became a matter of 
interest to the authors to investigate the behaviour of the lamp rather fully. 

While much of the ground covered by these experiments has been already the subject 
of research by other workers, and has been referred to in other Papers to this Society, 
in one or two points the methods used by the authors are believed to be sufficiently 
novel to be of interest. 

The authors have, therefore, included in this brief note only these points, with as 
brief a preface as is possible. 

The points dealt with in this Paper are :—- 


1. The experimental determination of the wave form of the “ oscillations ” 
of a neon lamp. 

2. The maximum frequency obtainable with an “ oscillating ’’ neon lamp. 

3. The maximum interval of interruption for a “ steady ’’ neon lamp. 


EXPERIMENTAL VERIFICATION OF WAVE Form. 


To confirm the mathematical conclusions that have already been published 
as to the behaviour of the “ oscillating ’’ neon lamp, an experimental determination 
of wave form and frequency was carried out. An oscillation frequency of about 
three per second was used under such circumstances that certain disturbing factors 
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would be quite inappreciable. The result has confirmed the mathematical predic- 
tions very satisfactorily. 

For this purpose the lamp was connected to the supply battery* through a high 
resistance, and the voltage maintained throughout at 180 volts. Under these 
circumstances the lamp discharge (having only the lamp self-capacity to cause oscilla- 
tions) would be either non-oscillatory, or have an extremely high frequency. 

: By means of the special time switch described below a condenser of 1 micro- 
farad capacity was then connected across the lamp. The lamp capacity being only 
8cm., and the resistance of the leads negligibly small compared with the high 
resistance in the supply circuit, the first effect was to cause the lamp voltage to fall 
almost to zero. The lamp and condenser then became charged up comparatively 
slowly, until the voltage became high enough for the lamp-discharge to start. When 
this point was reached the voltage fell until the discharge ceased ; the condenser 


————— 


Fic. |. 


, and lamp then became charged up again, as in the ordinary oscillatory state of the 
lamp. 

By means of the time-switch the condenser was disconnected from the lamp 
after some specified and known time. At any instant, as the condenser and lamp were 
connected by leads of negligible resistance, the condenser voltage would be the same 
as the voltage across the lamp. At the instant of disconnection the condenser was 


* In the whole of their investigations on’the Neon lamp the authors have used a high-tension 
battery as a source of supply, and not a dynamo. Not only is it difficult to prevent accidental 
small voltage changes where dynamo-energised public supply mains are used, but the voltage 
of such mains is usually affected by more or less of a ‘‘ ripple,” due to small periodic variations 
of voltage. In the case of the public supply mains in the authors’ laboratory, for instance, the 
nominal voltage is 200, but actually the value oscillates between 199 and 201, with a frequency 
of oscillation of 305 per second. Such variations are serious in dealing with the Neon lamp. 
A further advantage of a battery supply is that no large series resistances are necessary to regulate 
the voltage, and a further objection to a dynamo supply is that large and unknown inductances 
(in the dynamo) are included in the lamp circuit. For these reasons the authors regard the use 

of a battery supply as essential in this case. 
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therefore left charged up to a voltage equal to the lamp voltage at that instant. 
This condenser voltage was then measured on an electrostatic voltmeter. 

The time-switch, whose function was to connect the condenser with the lamp 
for some accurately known time, consisted of a metal style attached to the prong of 
a tuning fork, which made contact with a triangular metal plate fastened to the 
bench. The tuning fork was carried by a heavy trolley, which was dragged along 


INK 


the bench by a cord which passed over a pulley and carried a heavy weight on it 
other end. The trolley was fitted with an electromagnetic release. 4 ‘ 
ine es on Nee the style made contact was coated with soot from a candle 
cra aes Hoe of the style across it left a visible trace. If the tuning 
i ng, this trace was sinusoidal, and from the number of waves in the 
ace the actual time of contact could be conveniently and accurately found. Th 

general arrangement is shown diagrammatically in Fie. 1 ky i 

In carrying out any particular determination with this apparatus, the trolley 
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‘was arranged so that the time of contact (as estimated from the trolley speed and the 
part of the plate across which the style would travel) would be approximately that 
required for the particular test being carried out ; the lamp was switched on (without 
the condenser, of course), the condenser discharged so as to be sure of its having no 
initial voltage, the fork bowed, and the electromagnetic release key pressed. 

The trolley then ran along the bench, dragging the fork with it, so that the style 
made contact with the plate for the desired time. After contact had been made 
and broken, the voltage of the condenser was measured, and the time of contact 
found accurately from the fork trace. By means of a number of such runs, with 
contact times varying from 0-06 sec. to 0-6 sec., the voltages reached by the lamp 
and condenser in a large number of different times from start were found. These 
voltages, plotted against time of contact, gave the voltage-time curve of the oscillat- 
ing lamp. 

The results obtained are shown in Fig. 2, in which the observed points are shown 
by crosses. The curve is that mathematically predicted for these conditions. 

The point A is of special interest, as at this point the time switch broke the 
condenser circuit during the lamp-discharge, the condenser being then left partly 
discharged. . 

The discrepancies observable at low voltages are probably due to irregular 
behaviour of the electrostatic voltmeter at these voltages. The very close agree- 
ment with the predicted curve over the oscillation range of voltage must be regarded 
as very satisfactory, having regard to the nature of the experiment. There is a 
slight systematic divergence, noticeable especially at the peaks of the curve, but 
the very regular and small divergence shows how closely the mathematical 
expressions quoted fit the results obtained in practice. 


LIMITING CONDITIONS FOR LAMP OSCILLATION. 


Voltage. 
The starting voltage otf the lamp varies with certain external conditions 


(which form the subject of another Paper by the authors), but under usual circum- 


stances is about 164 volts for slow oscillations. For very rapid oscillations it is 
possible that this value may not apply, but on this point the experimental 
evidence is not conclusive. 


Frequency. 

The frequency has no lower limit—frequencies of the order of 1 discharge 
in 300 secs. have been observed. The upper limit is affected by many conditions, 
the highest value measured by the authors being 95,000, the limit lying apparently 
just above that figure. At very high frequencies the inclusion of inductances in 
the circuit have an obvious effect in maintaining oscillations above the limit other- 
wise obtainable. 

It must be pointed out that the lamp currents at high frequencies are extremely 
small, so that the lamp is not a practical method of generating oscillations for radio 
transmission. The investigation of the current is, moreover, impossible by means 
of the ordinary oscillograph even at low frequencies. 

The method used by the authors to investigate these frequencies was to include 
in the circuit of the lamp a coil which either formed part of or was coupled mag- 
netically with part of a tuned circuit. Resonance in the tuned circuit was indicated 
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by the readings of a galvanometer which was energised from the resonating circuit 
through a crystal rectifier. The method, diagrammatically represented in Fig. 3, 
proved very satisfactory in use. 

The results obtained, however, do not show an altogether satisfactory agree- 
ment with those theoretically deduced, and there is no doubt that the presence of 
tuned circuits coupled to the lamp circuit produces an illegitimate disturbance, 
and it is also certain that the laws of lamp resistance, &c., deduced from observations 
on the ‘‘ steady ”’ lamp do not apply when the lamp is undergoing rapid oscillation. 


Maximum INTERRUPTION INTERVAL (CONTINUOUS DISCHARGE). 


If the lamp discharge is progressing steadily, and the supply circuit is broken, 
the discharge, of course, instantly ceases. When the circuit is made again, if the 
voltage is above about 164 volts (under ordinary circumstances) the discharge starts. 
Ii the voltage is between 142 and 164 volts, the discharge will not start, though, if 
once started by a momentary raising of voltage it will continue when once started. 
This may be explained by supposing that on breaking the circuit the lamp reverts 
to a state in which any voltage above 164 will cause progressive self-ionisation to 


CR. 
AB aa 
| = 


take place, and hence a current to be passed, while any voltage below that value will 
only cause ionisation to be maintained if it is already started. 

Whether this reversion takes place instantly or not is a matter of some interest. 
The authors investigated this point by arranging a mechanical interrupter whereby 
the circuit could be broken only for a very small interval of time. If, then, the 
reversion of the lamp took any appreciable time, the circuit would be completed 
again before the lamp had become de-ionised, and the discharge would then start 
again even at voltages below 164. 

The interrupter was made of two brass discs mounted on the axle of a small 
synchronous motor. Connection was made to each disc through two brushes, one 
making contact on the flat side and one on the edge of each disc. A small portion 
of the edge of each disc was cut away and replaced by ebonite, so that connection 
between the two brushes was interrupted while the peripheral brush rested on the 
insulating part of the disc. The two sets of brushes were connected in parallel, so 
that connection through the discs was only completely broken while both peripheral 


* So far, the authors have been unable to find mathematical expressions even approxi- 
mately applicable to this case. 


* 
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brushes were in contact with insulating portions of their discs. By adjusting the 
relative positions of the discs on the axle (one being capable of being rotated round the 
axle, and locked in any desired position relative to the other) it was possible to 
arrange that one brush left the insulating portion of its disc almost at the same 
instant that the other brush entered upon the insulating portion. That is, one 
brush would close its circuit almost at the same instant that the other broke the 
circuit through the other disc, so that the total time of complete interruption of the 
circuit could be made very small. 

The arrangement is shown diagrammatically in Fig. 4, in which, for the sake of 
<learness, the two discs are shown side by side instead of on the same axle. 

A separate mechanical switch was arranged to short-circuit the disc interrupter, 
and only to include it in circuit for the time of one revolution of the discs, if required. 


Fic. 4. 


So that the lamp circuit could be kept closed for a long time, then broken once fora 
very short time by the disc interrupter, and then closed again for as long as required. 

The time of interruption was determined electrically,* the shortest time used 
being 5 x 10-° secs. ; 

Under these circumstances a single interruption was sufficient to cause instant 
extinction of the discharge even at voltages only very slightly below the critical 
starting voltage. So that it may be concluded that, whatever actual time is taken 
for the de-ionisation of the lamp, it is certainly below 5 x 10~* secs. 


* The method used for measuring the duration of circuit interruption may be of interest. 
The auxiliary mechanical switch was kept open, so that the disc interrupter broke circuit once 
per revolution. It was then used to complete a galvanometer shunt circuit, and from the gal- 
yanometer readings it was possible to calculate for what fraction of each revolution the disc 
circuit was broken. Measurements were made at various disc speeds, and the interrupter was 
found very consistent in its behaviour at all speeds. From a knowledge of the speed of the dise 


motor, and of the fractional interruption of the circuit, the actual time of interruption was 
‘calculated. 
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The actual figures obtained in one test, for instance, showed that the circuit was 
broken for 1-09 thousandths of each revolution. The dics speed being 1,280 revolu- 
tions per minute, the time of interruption was 5-23 x 10-° secs. 

In conclusion, the authors wish to express their thanks to the Governors and 
Principal of the Chelsea Polytechnic for the facilities accorded them for carrying out 
these experiments, and to their colleagues on the staff of that institution for certain 
useful suggestions made during the course of the research. 


DISCUSSION. 


For Discussion see page 278. 
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XV.—A CRITICAL RESISTANCE FOR FLASHING OF THE LOW 
VOLTAGE NEON DISCHARGE TUBE. 


By J. Taytor, B.Sc., and W. CLarKson, B.Sc., Armstrong College, Newcastle-upon- 
Tyne. 
Received January 30, 1924. 
(Communicated by Prof. G. W. TODD.) 


ABSTRACT. 


The Paper deals with the resistance conditions necessary for the maintenance of the well-. 
known phenomenon of “‘ flashing’ of the neon discharge tube. It is shown theoretically that 
there is a critical value R,, for the resistance in series with the neon tube, below which no flashes 


can be obtained. 
ee E- 
This critical value of the resistance is expressed by the relation Re where E£ is the 
BoA 
charging voltage, Vg the lower critical voltage, Va the kathode fall of potential (approximately), 
and k the conductance of the discharge tube. 
Experimental observations confirm this relation exactly in the case of the ‘“‘Osglim ’’ lamp. 


"THE lamps used in these experiments were of the ‘‘ Osglim” type, and consist 
of two electrodes of pure iron, the kathode being of large area and in the shape 
of some letter of the alphabet, whilst the anode is a small cylinder separated from 
the kathode by a distance of afew mm.s. The contained gas is a mixture of 75 per 
cent. of neon, and 25 per cent. of helium at a pressure of approximately 10 mm.s of 
mercury. 
The ballasting resistances usually contained in the caps of the lamps were 


removed. 
INTRODUCTION. 


The phenomenon of “ flashing ’’ of the lamps is well known (see ‘‘ The Neon 
Tube as a Means of Producing Intermittent Currents,” by S. O. Pearson, B.Sc., and 
H. St. G. Anson. Vol. 34, p. 204, Proc. Phys. Soc., Lond.). 

If a high-resistance R is connected in series with a neon lamp, having a capacity 
C shunted across its electrodes (Fig. 1), the continuity of the current through the 
lamp is interrupted, and it “flashes ” at regular intervals of time. The time T 
between flashes is equal to the time required for the condenser to charge up added 
to the time necessary for it to discharge through the lamp. 

The equation for T, the time of flash, was first obtained by Anson and Pearson. 
(loc. cit.). In this determination they obtained the current-voltage law for the 
lamp empirically from a consideration of the graphs between these quantities. 

A similar relation has been obtained by one of us* theoretically on certain 


* See Journal of Scientific Instruments. © The Application of the Neon Lamp to the Com- 
parison of Capacities and High Resistances.” J. Taylor and W. Clarkson. Vol. 1, No. 6,, 
March (1924). 
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assumptions, of the form 
i=k(V—V,) ne 


where i=the current through the lamp, in microamperes. 
V =the voltage across the lamp electrodes, in volts. 
V,=the kathode fall of potential (approximately) in volts. 

k is a constant depending on the area of the kathode utilised during the dis- 
charge, and may be termed the conductance of the lamp. 

To start the discharge a voltage V,, termed the higher critical voltage, greater 
than that required to sustain the discharge is required. 

The voltage necessary to maintain the discharge after it has once started is 
termed the lower critical voltage Vg(Vp<V,). 

C, the condenser which is shunted across the lamp electrodes (Fig. 1), charges 


Fic. 1. Pic. 2. Fig. 3. 


up, and discharges through the lamp, between the voltages Vz and V,. The time T 
for the total period is evidently given by 


T=t,+1%,, 


where ¢,—the time in secs. for the condenser to charge up. 
t,—the time in secs. for the condenser to discharge through the lamp. 
t, is given by the usual formula. 
E—V 
#,=CR1 e 
: (be Rp ttt ba SSS 2) ee 


Figs ewe 


where E=voltage of the charging battery. 
C=the capacity of the condenser in microfarads. 
R=the resistance in series with the lamp (Fig. 1) in megohms. 


As soon as the condenser has charged up to a potential of V, volts, discharge 
through the neon-tube begins. Simultaneously, however, the condenser is charging 
up Henle the series resistance R, from the source of voltage E. 

rom equation (1) the quantit ici i i 
pene (1) quantity of electricity dg passing through the lamp in 


dg=k(V—V)dt. 


In the same time a quantity of electrici Moan : 
ty ———dt 
from the battery. sal y ctricity —, dt flows into the condenser 


Flashing of the Neon Tube. yay a 


The net change of the condenser charge is therefore given by 


‘ E—-V 
—dq=| k(V—V,)— ; Ae oe eee 
and solving this equation we obtain 
_E +RRV, 
a eae 
ea een, ” 
2 TER 


THE CRITICAL RESISTANCE FOR ‘“ FLASHING.” 


From general considerations it is obvious that there should be some limiting 
value R, for the resistance in series with the lamp, below which “ flashes” are 
impossible: this condition is expressed physically by the fact that during any 
instant of the discharge through the lamp, the quantity flowing from the condenser 
is exactly balanced by the quantity which flows into the condenser from the charging 
battery. 

This condition is evidently from equation (3) expressed by the relation 

E—V 


per gs 6 aie Lee ee 


E—V = » 
If = >k(V—V 4), no “ flashes ”’ are possible and a steady discharge ensues. 
Now V may have any value between V,, the higher critical voltage and Vg, the lower 
critical voltage ; consequently the maximum value for R (i.e., R,) for which there 


. . ipisie: . ¢ 
is no “ flashing ”’ is given by 


a 


BeVee 
ie 2=k(V_y—V 4) 
E—V;, 
or ony [ieee oa tM Poe, beak LS) 


R, is therefore a linear function of F, for a constant value of & the conductance of 
the lamp. For values of C of 0-1 microfarads upwards, k& is almost constant for 
different capacities, hence R, should be independent of C for such values of the capacity. 

With small capacities, k diminishes owing to the very small electrode area 


‘utilised during the luminous period, and consequently R, should increase as C de- 


creases, for low capacities. 

Further, since & is different, if we commence with R<K,, which corresponds 
to a steady discharge, and then increase R, R, for increasing resistance should be 
different from and greater than R, for decreasing R. 

’ In actual practice with condensers of 0-1 microfarads upwards, and battery 
voltages ranging from about 180 to 260 volts, it is found that conditions are neither 
definite nor repeatable, because the current through the lamp at the critical resistance 
is too great, and consequently the neon tube is working under more or less unstable 
conditions. 

There are two methods, the same in principle, by which Rk, may be elevated 
to a suitable value so that readings are repeatable to within one or two per cent. 
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Resistances 7 are introduced into the condenser circuit, So that the resistance 
through which discharge occurs during the luminous period is elevated. Moreover 


i 


by this method the area of the kathode utilised during discharge is progressively 
diminished as 1 is increased, so that the conductance k of the lamp is lowered in — 


value. The alternative positions of the resistance 7 are shown diagrammatically 
in Figs. 2 and 3. 


THE GENERAL PROBLEM OF THE CRITICAL RESISTANCE FOR “ FLASHING ”’ is ; 


OF THE NEON LAMP. 
Let 7, and 7, be the resistances included in the circuit as shown in Fig. 4. 


a = es) 


BGS 4, Fic. ne 


Let V,)=the potential across the lamp electrodes at any instant. 
V =the potential fall across 7) and the lamp electrodes. 
V’=the potential across the condenser C. 


. Then at any instant of the discharge from the condenser through the lamp, we — 


obviously have 


E—V W-V Va, 


ar ai 8 7 © yet “eel ie e 
V—V 
and x "=th(Vo—Va)o 9 OD Sa 
0 
Also considering the net loss of condenser charge dq in the time dt secs. we have 
V’'—V . 
—dq= * GE. es RE Ee 


and substituting for V’ in equation (8) from equation (6) 


V2 hey . 
—aq=[ o_ Jee J i 1 
ey R (8) 
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As before the condition that no “ flashing ” shall occur is given by the relation 
_ —dq=0, and therefore the discharge is steady when 


: > (9) 
. . . . " V—V, . = 
| introducing into equation (9) the value of ——° obtained frem (7) 
reer any 
E—[kr.(V >—V4)- 
[Prof - Peal al Soh eVig hs die a ik 
The values for V, are confined between the higher and lower critical voltages, 
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| Fic. 6.—GRAPH SHOWING THE GENERAL FCRM CF THE CULVES OF THE RELATIONSHIP BETWEEN 
THE TIME OF ‘“‘ FLASHING”? T AND THE CIRCUIT RESISTANCE R. 


so that the largest value of FR fulfilling the conditions of equation (9)! is given for 
V,=Vz. If R, is this critical value of the resistance we have 
oe el Va)t VS ey Va) pont ah eeeeeee Sh ONE 


with 7,=0" (9)? becomes 

: oe | 
an exactly similar form to that previously obtained (see equation (5)). 
With 7,>0 we have 


HO Nr 9 atest okra) oh eae sy (9)? 


E—kro(Vp—V4)—Vp=kR(Vp—V a) 


E—Vz 
= — = op ie es ee Oe 
Berence pan k(Vzp—Va) (9) 


VOL. 36 


3 


: 
: 
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The theory applies to a change from “ flashing ’’ to steady discharge, so that 
in obtaining the critical resistance R,, X must be adjusted from higher to lower 
values, beginning with values well above the critical one. i: ; 


j 
THE EXPERIMENTAL METHOD AND RESULTS. 3 


The diagrammatic representation of the circuit employed in the experiments - 
is shown in Fig. 5. | 
E is the charging battery, of variable voltage. | 
L the neon lamp. t 
‘C the variable capacity across the lamp electrodes. 
| R the variable series resistance. 
ry is the resistance in the condenser circuit (variable). . 
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GENERAL FORM OF GRAPHS 
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E.v. an electrostatic voltmeter, A a micro-ammeter, a.b. c. d: ¢. f. a double-pole- 
jouble-throw switch, so that either E or the voltage across C may be measured, 
and g.h.i.j.a double-pole-single-throw switch so that C may be disconnected from 
across the lamp electrodes. 

In the actual experiments the current through the lamp at the critical resistance, 
md the voltage across the condenser C » were measured. The critical point is very 
listinct. The graph of Fig. 6 indicates the general form of the graphs showing 
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ie relationship between the time of “ flashing ” T and the circuit resistance Kein 
€ neighbourhood of the critical resistance the time of flash increases very 
pidly with decrease of R, so that the curve rises almost vertically to an infinite 
due of T, which corresponds to a steady discharge. 

¥2 
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The curves of Fig. 7 show the relationship between the critical resistance R, 
(in megohms) and the charging voltage E for different values of y in the position . 
shown in Fig. 2. These all prove to be linear functions which are seen to intersect 
the voltage axis at a common point the ordinate of which has the lower critical 
voltage value for the lamp. | 

In all the lamps experimented with, it was found by actual measurement that 
the voltage across the condenser (with the circuit of Fig. 2) at the critical resistance 
fell to the lower critical value V,. 4 

The general form of the graphs is 


Ee ooo ee ee 
R, 
where D is dependent on 7 alone and is approximately the same as the current 
through the lamp at the critical resistance. 

Fig. 8 gives the curves for the circuit represented in Fig. 3; the curves are 
linear and of the form 


E ua 
Rare o 0 Gi Sy oD wh ale ee ee (LO} 
D, as in the previous curves [equation (10)], varying with 7, because of the” 
dependence of & on 7. ’ 

The experimentally obtained relations (10) and (10)! are seen to be in accordance” 
with the theoretical relations of (9)° and (9)4, and we have that D=k(Vp—V4,). 

The constant D (for both circuits) increased with decrease of 7, but proved to” 
be constant within the limits of experimental error for a fixed value of 7 between 
the limits of the charging voltages E (180 to 260 volts) which were employed. D,~ 
which, of course, represents the slopes of the graphs in Figs. 7 and 8, proved to be” 
approximately equal to the current through the lamp at the critical resistance. 
R, is constant and independent of the charging voltage FE. 

If R was stepped up from lower to higher values the critical resistance was. 
found in accordance with the theory to be much greater than that for decreasing. 
values of R. | 

It would appear that, so far as the critical resistance is concerned, 7 functions. 
solely in regulating the effective conductance of the lamp. Fig. 9 shows the graphs 
for the variation of D (the critical resistance current approximately) with 7 for the: 
two circuits of Figs. 2 and 3. | 

The general form of the curves is | 


4 
eng nae pil en is pea ae eee (11) 
and since D=k(Vg—V,), we may write . 


ay 


Spt Mev an a 


iVe— Ve 


if we write D,, =k. (Vp—V,4). 


en ie 


> 


Se 


Also putting ey, 


‘we obtain the relation 


A 
k= Bt hen ° . . . . . : . . . . (11)? 


This relation is; of course, purely empirical, but it suggests in the case of the circuit 
of Fig. 2 that the conductivity is comprised of two parts, the one part k which 
would be the conductivity of the lamp if y= , that is, if C were removed entirely : 
the other part attributable to the effect of the condenser-r-resistance circuit in 
Tegulating the quantity of electricity thrown through the lamp during discharge ; 
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Graph (1) is for Circuit of Fig. 2. Graph (2) is for Circuit of Fig. 3. 


‘ A 
GENERAL FORM OF GRAPHS IS D= +D,, 
4+ 


this suggestion is, however, not at all obvious in the case of the circuit of Fig. 3, for; 
with r=oo , no current could flow through the lampat all. # is, of course, dependent 
on the area of the kathode surface employed during discharge, and the area visibly 
decreases as 7 is increased. 

For capacities of from 0-2 to 4 microfarads it was found that R, was independent 
of,C to within 1 or 2 per cent., but when the capacity C became small, the conductance 


Oa OT mts 
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of the lamp diminished owing to the small energy transference during the luminous 
period. As C was decreased the value of We increased. ; 
The following example illustrates the point :— 


v Pe | : Cc 2 
Megohms. | Megohms. Microfarads. 
| 
0-01 0-22—0°23 0-5 : 
0-01 0-32—0-33 0-001 ; 
0-01 | 0-39—0-40 0-0005 ; 


It should be noted here that with some lamps it was sometimes possible to_ 
obtain flashing down to very low values of R, and the flashes were much more intense ; 
than was usual (since R was small); the condition, however, appears to be unstable — 
and never lasted for a long period of time. 

A further remark on the influence of magnetic fields on the critical resistance 
may be appended. A magnetic field transverse to the current direction in the 
lamp altered and lowered the critical resistance so that a continuous discharge 
gave place to a discontinuous one when the magnetic field was put on. A 
longitudinal field appeared to have very little influence on the critical resistance. 

The electrodes of the lamps employed were of iron, consequently their shielding 
action from the field must be very considerable.* 

We wish to acknowledge here our indebtedness to Prof. G. W. Todd, of Armstrong ~ 
College, under whose supervision the experiments were carried out, and to the © 
Department of Scientific and Industrial Research for the grant which has enabled 
one of us to undertake the work. 
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DISCUSSION on Papers XIII., XIV., and XV. ; 


Mr. H. St. G. ANSON mentioned that intermittence could be produced by a totally different 
miethod, viz., by putting the lamp in a magnetic field and in series with a resistance. The ; 
frequency of the intermittence depends both on the field and on the series resistance. As this © 
result can be obtained with fields as small as that of the earth, it may account for some irregu- © 
larities in repetition experiments. : 

Mr. J. W. RYDE: There are a few points that I should like to raise in connection with Messrs. 
Shaxby and Evans’ Paper. Referring to the paragraph at the bottom of p. 257: their explanation — 
of the fact that the current and potential take some time to reach steady values seems to be 
quite incorrect. In the first place, the space charge near the cathode is a positive space charge, — 
and “‘. . . driving more of the existing positive ions to the cathode . . .”’ will increase, not — 
decrease it. Then in the last five lines of the same paragraph the authors say, “‘ Gradually, 
however, the space charge re-establishes itself . . .” Now it is well known that the time for the _ 
space charge to establish is of the order of a millionth of a second, so it is difficult to see how this 
can for a moment be accepted as an explanation of the time required to steady up. d 

I believe that the generally accepted explanation of this time effect is that itisdueto— 

(1) Changes in the amounts of impurities present in the gas which produce relatively enor- 

mous effects on the characteristics. 

(2) Changes in or formation of adsorbed gas layers on the surface of the cathode. 

(3) Changes in the charges on the glass walls of the bulb and insulating supports. 

The action of these effects on running the ordinary glow lamps is in general to increase.the 
cathode fall, and therefore the voltage across the tube, and to decyease the current. After some 
time they reach equilibrium values, depending on the current and the potential across the elec- 


pete 


* Experiments more recent than the above have shown that in the case of air discharge © 
tubes (with electrodes near together so that the positive column is absent) exactly similar relations — 
are obtained for the critical resistance for “‘ flashing,’’ over a wide tange of pressures. es 
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trodes. The instantaneous values of the voltage and current correspond to the particular state: 
of the lamp at the time, hence “‘ steady value” characteristics give little information of funda- 
mental importance. The state of the tube enters as a variable. Everyone knows that similar: 
conditions apply to the taking of the characteristics of ‘‘ soft’ valves. These effects explain the 
| facts that the characteristics depend on the previous history of the lamp. 

Referring to the curve, Fig. 3, of the present Paper, which shows the I/V characteristic. 
If the authors had taken snap readings, or worked with a tube filled with pure gas, I think they 
would have found the part of the curve to the right would have been concave to the current 
axis, and more nearly that to be expected from Aston and Watson’s equation. 

The explanation of the observations on p. 256 that a sudden drop of the voltage to a value 
about 5 volts above the normal going out voltage results in the discharge stopping also imme- 
. diately follows. The current-voltage characteristic of the ordinary Osglim lamp if taken after 
running it for some little time is shifted up the voltage axis, so that the going out voltage in this 
condition is higher than it was before running. If it is shifted up more than, say, 5 volts (as 
it often is), then clearly the lamp will go out if the potential is suddenly lowered to 5 volts above 
the original “‘ going out’’ value. If, however, the potential is very slowly lowered, the lamp 
hhas time to adjust itself to approximately its original condition, and it will not go out until the 
potential is roughly the first ** going out ’’ value. 

Referring to section VI, on the negative part of the characteristic, the conditions for stability 
were first given by Kaufmann in 1900, and also in J. J. Thomson’s ‘“‘ Conduction of Electricity 
through Gases,”’ p. 583. 

I think I should take this opportunity to point out that it is of very little use to make any 
fundamental investigation on a commercial article such as a glow discharge lamp. It is well 
known that during the manufacture impurities, notably hydrogen, are deliberately introduced 
in to the gas, and in large scale manufacture traces of other impurities naturally find their way 
in- Thus in various commercial glow lamps I have found traces of Nz, CO, CO,, H,O, O, and 
Hg vapour, in addition to the impurities deliberately introduced. 

Fractions of 1 per cent. of some impurities will lower ihe starting potential by 50 volts, 
and others will raise it even more, and similarly <ffect the characteristic curves. The minute 

‘traces of the impurities I have just mentioned do not matter when the commercial glow lamp 1s 
used as a lamp, but they make it of very little value for research or gas discharges. 

Mr. A. G. TARRANT, referring to the Paper by Taylor and Clarkson, said that the authors. 
appeared in some cases to have used a condenser connected across the lamp and high resistance, 
a second high resistance being added in series with the whole arrangement. Were they aware 
that this arrangement could, in some circumstances, give rise to a truly oscillatory, or unstabie, 
curtent ? He noticed during their demonstration that the telephones in series with the Jamp gave 
an audible note, in addition to the clicks due to flashing of the lamp. Was this due to the insta- 
‘bility referred to ? 

Mr. J. TAYLOR said that in consequence of the high value of di/dV over part of the charac-~ 
teristic it was possible to obtain considerable amplification of accidental disturbances, such as 
dynamo hum, and he would attribute the telephone note to some such cause. Rectification is 
also made possible by the sharp bend in the characteristic, and wireless signals can consequently 
be detected by means of the lamp. j 

Mr. J. H. SHAXBY, in reply to discussion on Paper XIII. (communicated); Dr. D. Owen’s sug~ 
gestion that, on our theory, the point at which the lamp becomes unstable should be further 
to the right along the curve if the applied voltage is lowered below the sparking potential V4 is 
borne out by experiment. Thus for instance, for a lamp whose sparking voltage is 155 and 
whose minimum voltage is 143, if the applied potential difference is lowered to the voltages of 
line 1 below, and the resistance then increased, the lamp goes out for values of the current given 

in line 2 :— 
NOLES Amel cle cs eelsra see aia deminer ceise TSS. 9 enbade MENG mores onde 142 
Maltani pss ©. o.ccacctieceismeerecencne ATi ssisterss 020935) acer 0-101 
It is to be noticed that in this case intermittence does not occur, since once the lamp has gone 
out it cannot re-light. ; F 

Mr. Ryde is correct in supposing that “‘ snap ” readings give a curved right-hand portion 
of our Fig. 3. As we state, we found that final steady values of current and potential difference 
are reproducible, and our purpose was to determine how far these values conform to the linear 
velations indicated in Pearson and Anson’s original Paper and to what extent the behaviour o ‘the 
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The work was an ad hoc investigation of these 


lamp follows from the known physical laws. 
a general research on discharges 


interesting properties of a commercial article, and not in any way 
through gases. 

Mr. Ryde does not appear to have understood our remarks at the end of section 5. It is, 
we think, obvious that, as he says, the factor determining the current and potential difference 
at any moment is what one may call the chemical state of the tube at that moment. What we 
had in mind were the electrical changes which go on hand in hand with these chemical changes ; 
decrease of resistance causes immediate increase in current and potential difference, accompanied 
by diminution of the space charge by some of its positive ions being driven into the cathode. 
In a pure gas it is true that the space charge appropriate to the new conditions would be estab- 
lished in an exceedingly short time, but in the impure gases of the lamp gradual chemical changes 
set in and result in a further readjustment of the space charge, as a result of which the current 
drops until the current density recovers its appropriate measure. 

The theoretical discussion in Taylor and Clarkson’s Paper is based on the equation’ =k(V — V4) 

. (1) (Vahereis approximately the cathode fall), which expresses the linearity of the lamp 
characteristic over the range considered—i.-., between the sparking potential and the potential 
at which the lamp goes out when flashing. Equation (4) of Taylor and Clarkson’s Paper is given 


in Pearson and Anson’s Paper, and was also deduced by a rather different method by one of us” 


(J. C. Evans) in our earlier work on the lamp. Its applicability is, of course, strictly confined to 
the straight line part of the characteristic. Taylor and Clarkson’s readings for their graphs of 
Figs. 7 and 8 are for applied voltages between 260 and 180—viz., in the linear region to the 
tight of point A in our Fig. 3. The agreement of the intersection points of these graphs with 
the value of the lower critical voltage Vg as found by experiment indicates that the point at 


which the lamp goes out in such experiments does not lie far to the left of our point A. This 


is borne out by our observations that a sudden drop of voltage causes the lamp current to fail 
at values much above those reached by a slow decrease of voltage (see table in paragraph IV of 
our Paper). It is clearly shown in Fig. 2 of Oschwald and Tarrant’s second Paper that the 
drop in voltage during flashing occupies only about 1/40th second. 

All the Papers read have confirmed the curious partiality of the lamp for linear relations, 
to which we have referred. This appears to be true both for the rapidly changing conditions 
which obtain in flashing and equally when the lamp is given time to settle down to a steady state 
as in our observations. 

Mr. A. G. TARRANT (in reply to discussion): We note with much interest the results 
obtained by Messrs. Taylor and Clarkson, as during the preliminary part of our research we 


had also examined briefly the critical conditions for flashing of the neon lamp, and had obtained 


very similar results. 

At the same time, we would hesitate to claim that our values for the critical resistance lay 
quite so exactly on a series of absolutely straight lines. Moreover, we found that the ‘“ lower 
critical voltage ’’ of the lamp was not by any means constant,’ especially if large parallel 
capacities were used so that large charges were passed through the lamp at each flash. Under 
these conditions the extinction voltage for the lamp was considerably higher than that measured 
when tie lamp was running in the steady state, or when a small parallel capacity only was used 
Thus the lower critical voltage of a certain lamp was under normal conditions about 14) but 
when used with a large parallel capacity it rose as high as 22). We woild therefore suggest 
that results based upon the constancy of the lower critical voltage should be accepted with a 
certain aiount of reserve, unless the amounts of charge sent through the lamp at each flash 
are very smal). % 
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XVI.—ON THE THERMO-ELECTRIC PROPERTIES OF BISMUTH ALLOYS, 
WITH SPECIAL REFERENCE TO THE EFFECT OF FUSION. WITH .A 
NOTE ON THERMO-ELECTRIC RE-INVERSION. 


By CHARLES RoBERT DarRLinG, F.Inst.P., F.I.C., and REGINALD HENRY RINALDI. 


Received January 11, 1924. 


ABSTRACT, 

The object of this investigation was to obtain new data regarding the thermo-electric pro- 
perties of alloys when in the liquid state, and to note specially the nature of the changes, if any, 
in these properties in the region of the melting point. It was also intended to observe whether 
thermo-electric effect due to change of state were associated with the alteration in volume at 
the melting point. A number of different alloys of bismuth with lead and tin respectively were 
prepared, some of which expanded on freezing, whilst others contracted. The E.M.F. given by 
these alloys against copper was observed up to 400°C. or over, and it was found that (1) the 
change in E.M.F. due to the addition of increasing portions of either lead or tin to bismuth reached 
a maximum value for certain compositions ; and (2) that the alloys which expanded appreciably 
on freezing showed a change in thermo-electric power at the freezing point, whereas with a 
marked contraction in volume no such change was noted. The methods employed were not 
‘sufficiently sensitive to decide whether the point of disappearance of the thermo-electric change 


 ewas reached in the case of alloys which were unaltered in volume on freezing. 


One of the alloys (6) per cent Bi, 40 Sn) when coupled with iron, shows the unusual pheno- 
amenon ot thermo-electric re-inversion. With a cold junction at 0°, this couple shows a zero 
%.M.F. at 0°, 200°, and again at 350°. 


is customary for workers on thermo-electricity to cease their observations 
4 when the melting point of either member of the couple has been reached, and 
consequently the thermo-electric properties of fused metals and alloys are almost 
entirely uncharted. Moreover, the effect of change of state on the thermo-electric 
power is of much interest, and may, if fully studied, help to an understanding of the 
real nature of thermo-electricity. In Papers previously read before the Society* 
it has been shown that whereas the thermo-electric powers of most metals are prac- 
tically unaffected by fusion, an abrupt change at the melting point is noticed in the 
cases of bismuth and antimony. It has also been shown by E. F. Northrupf that 
the resistivities of these two metals are much less in the liquid than in the solid 
state, whereas the opposite holds true of other metals. Bismuth and antimony are 
also exceptional in the fact that both éxpand on solidification, and one of the objects 
of the present investigation was to attempt to discover whether change in thermo- 
electric power was always accompanied by increase in volume on freezing, and 
whether alloys which contract on solidifying behaved as ordinary metals in showing 
practically no alteration in thermo-electric power on changing state. Such a rela- 
tion, if established, would be of much interest, as it would raise a question as to why, 


* Darling and Grace, Vol. 29, Part 1, and Vol. 30, Part 1. 
~ Northrup, Journal Amer. Electrochemical Soc., Vol. 25 (1914). 
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on the breaking down of the crystal structure, the thermo-electric properties of sade 
are unchanged if the atoms separate to greater distances, but change pence os 
when, on fusion, the atoms approach nearer to each other. A test of the existen : 
of such a relation would appear to be afforded by the examination of a se 0 
alloys of bismuth or antimony with a metal which contracts on freezing, as : is 
possible to obtain mixtures which either increase, decrease or remain unchange a 
volume on solidification, according to the proportions of the constituents. For t a 
present investigation bismuth alloys were chosen, as being easier to yee 
and two series were made up, in one of which the added metal was lead and in the 
other tin. The observations made were intended to note the relation between 
E.M.F. and temperature, particularly in and beyond the region of the melting po 
and also to notice the nature of the volume change on solidification in the case 0 
each alloy. 


EXPERIMENTAL. 

The method adopted to enable measurements of E.M.F. to be made without 
interruption by fusion was similar to that described in previous Papers. A crucible 
C (Fig. 1) was fitted into a hole in a sheet of uralite, and filled to overflowing with 
the alloy under test. A groove leading from the crucible to a silica tube S, about 


E R, 


NG al, 


60 cm. distant, was also filled with the alloy. The silica tube was filled separately, 
and a copper wire allowed to freeze into the alloy at one end; the other end was. 
then pushed through a hole in the uralite, and the alloy in the groove joined on to 
that in the tube by melting. Copper was used as the companion metal of the couples. 
throughout, a wire inserted in the crucible forming the hot junction, whilst the wire 


in the silica tube constituted the cold junction, which was kept at 0° by surrounding” 


the silica tube with ice. On placing a burner under the crucible the metal in the 
groove may melt up to a point several centimetres distant from the crucible, but the 
circuit remains intact. 

Readings of E.M.F. were taken by a potentiometer, arranged as in Fig. 1. A 
stretched wire, AB, 1 metre long, was connected in series with a fixed resistance 
R,, an accumulator E, and an adjustable resistance R,. A Weston standard cell 
W, was joined across R, through a switch D, by means of which the galvanometer 
G could be introduced into its circuit. The end A of the potentiometer wire, and the 
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copper wire from the crucible, were connected to the other side of the switch, so 
that G could be brought into the circuit of the copper-alloy couple. For most of the 
readings the resistance R, was so chosen that on adjusting R, so that no deflection 
occurred on switching the standard cell on to the galvanometer, the fall of pressure 
along AB was 10 millivolts. As it was found possible to take readings to a limit of 
accuracy of about 1 mm. on AB, differences of the order of 1 /100 of a millivolt could 
be detected. 
‘ Temperatures were measured by means of an iron-constantan thermocouple P, 
inserted in the crucible, and connected to a millivoltmeter, carefully calibrated to 
read temperatures. The cold junction of the pyrometer was kept in oil ina vacuum 
flask, and showed only slight variations during a set of readings. 

In order to detect the nature of the change of volume on freezing, an iron mould, 
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Fic, 2.—BismMutTH-LEAD ALLOYS AGAINST COPPER. 


with smooth bottom and sides was used, into which the molten alloy was poured. 
After solidification a straight-edge was placed on the top surface of the casting, which, 
if convex, was taken to denote expansion, whilst a hollow surface was assumed to 
indicate contraction. It is difficult to state to what degree of accuracy change of 
volume can thus be observed, and our conclusions must be qualified by the limi- 
tations of this method, which was adopted in the absence of any other simple test 
of greater precision. 

As is customary in the thermal analysis of alloys, cooling readings were taken at 
frequent temperature intervals, the corresponding electromotive forces being measured 
on the potentiometer. Fig. 2 shows graphically the results obtained with the 
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bismuth-lead alloys, and Fig. 3 the bismuth-tin series. Actual observations are 
indicated by circles, and freezing points are shown by the short lines touching the 
curves between the squares. Fig. 4 shows the relation between E.M.F. and tem- 
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perature for copper against pure bismuth, and is given for comparison ; the curvein _ 
this case shows a distinct change of slope at the melting point, 269°C. The com- — 


alloy. 
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position of the alloys corresponding to the numbers opposite the curves are given 
in tabular form below, together with other special features. 


Bismuth-Lead Alloys. 


| ; Change of 
Namber, peeiec | eres Sel aes ee Change of Thermo- 
of Bismuth. oint. freezing. electric Power on Freezing, 

Pee an ea i 

1 | 90 (by weight) 241°C. Expanded —-Very marked. 

2 80 185 |  xpanded Marked, but not so 
| abrupt as in 1. 

3 | 70 126 Uncertain Just noticeable. 

4 60 120 Uncertain | Very small, if any. 

5 50 144 Contracted = None. 

6 40 180 Contracted = None. 


All these alloys showed a single, well-marked arrest point, below which solidifica- 
tion was complete. Slight overcooling occurred in the case of No. 1. Comparison 
with Fig. 4 shows the effect of increasing percentages of lead on the E.M.F., which at 
400° is reduced by 60 per cent. on the addition of 10 per cent. of lead. This lower- 
ing of E.M.F. is progressive, and when 30 per cent. of lead is present (No. 3), the 
value has fallen nearly to zero. On the further addition of lead, however, a slight 
but progressive increase in E.M.F. occurs. 


Bismuth-Tin Alloys. 


Percentage of F Change of Thermo-electric | 
fp) Number. | ets Arrest Points. hee at Arrest Points. | 
1 90 (by weight) | 223°C. and 134°C. | Shown at both. 
2 80 210 7 29 Marked at higher, slight at 
lower. 
3 70 170 eso Shown at lower only. 
4 60 ISb°e: Noticeable. 
5 50 } 141°C. and 132°C. Apparent over the tempera- 
| ture region. 
6 40 164 Poe hol Slight at higher, present at 
lower. 
7 30 201 oe 30) Absent at higher, present at 
| lower. 


This series differs from the lead alloys in the respect that two arrest points are 
shown, the lower of which corresponds to the freezing of the eutectic, which con- 
tains 57 per cent. of bismuth, and the higher to the surplus of either metal over the 
eutectic composition. Thus in 1, 2 and 3 the upper arrest point is due to the solidi- 
fication of excess of bismuth, and in 5, 6 and 7 to the surplus of tin. No. 5 is so near 
the eutectic composition that only’ one arrest point is detectable with certainty. 
The alloy corresponding to the eutectic composition, when allowed to freeze ina 
mould, shows a slightly convex surface, but the actual amount of expansion on 
solidification is very small. It is doubtful whether our method of judging the 
change in volume is sufficiently accurate to decide with certainty in the case of this 


The effect of the addition of tin on the E.M.F. is remarkable. Compared: with a 
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junction of copper and pure bismuth, which at 400° gives a positive value of 16-4 
millivolts, an alloy containing 10 per cent. of tin gives with copper a negative E.M.F. 
of 3-6 millivolts, or a total difference of 20 millivolts. Further additions of tin 
result in a progressive diminution of the negative value, and when more than 60 per 
cent. of tin is present the E.M.F. at 400° is slightly positive. 


INTERPRETATION OF RESULTS. 


In the case of the lead alloys, a distinct change in thermo-electric power was 
shown when a marked increase in volume accompanied solidification. With diminish- 
ing expansion this change becomes less marked, and when a notable contraction 
occurs on freezing no change in thermo-electric power is observable within the 
limits of accuracy of the experiments. This evidence would appear to support the 
view that a separation of the atoms to greater distances on freezing causes a change in 
thermo-electric power, whereas no such change accompanies a closer approach of 
the atoms. The experimental methods used are not accurate enough to decide 
whether the change in thermo-electric power vanishes at the point at which the 
alteration in volume is zero, but with these alloys it becomes less marked as the 
extent of the expansion on freezing diminishes. 

With regard to the tin alloys, it would appear that when the upper arrest point 
is due to the freezing of excess of bismuth, a change in thermo-electric power occurs, 
whereas, when tin is present in considerable surplus (No. 7) no such change is observed 
at the higher freezing point. So far, this is in agreement with the relation between 
volume change and thermo-electric power previously noted, but no general con- 
clusion can be drawn until observations have been made using larger quantities of 
alloys, and a more delicate method of measuring E.M.F. It would be of interest to 
determine whether the thermo-electric effect is the same when a metal freezes out 
in an alloy, in the presence of other materials, or by itself. 

The freezing of the eutectic of bismuth and tin was always accompanied by a 
change in thermo-electric power, which, however, was never strongly marked. 
Assuming our observation of the volume change on freezing to be correct, and that a 
slight expansion occurs, this provides a further case of the association of increase in 
volume on freezing and change of thermo-electric power. 

From another point of view, the results are of interest in showing the effect of 
the addition of different quantities of a second metal to bismuth, with respect to the 
E.M.F. developed with a fixed second metal. With both lead and tin a minimum 
value of E.M.F. at a given temperature is reached, beyond which a progressive in- 
crease occurs. Further investigations on these lines would probably yield interest- 
ing results, particularly if extended into the region of complete fusion. In the solid 
state the presence of strain and absence of homogeneity exercise a greater or less 
influence over the thermo-electric properties, whereas these disturbing factors are 
absent in the liquid condition, and hence more concordant results may be expected 
The data given in the present Paper are a contribution in this direction. 

It is hoped to continue the observations with other bismuth alloys, and also with 
alloys of antimony, with a view to obtaining further evidence regarding the effect 
of change of volume at fusion on thermo-electric power. Before proceeding to this 
work, however, we are endeavouring to develop more refined methods of measuring 
changes in volume and minute differences of E.M.F., so as to enable conclusions to 
be drawn with a greater degree of certainty. 
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NOTE ON A CASE OF THERMO-ELECTRIC JRE-INVERSION. 


If iron is used as companion metal instead of copper with a freshly-prepared 
alloy composed of 60 per cent. bismuth, and 40 per cent. tin, which melts at 135°, 
the unusual phenomenon of re-inversion is shown. With the cold junction at 0°, 
the E.M.I’. has a zero value at 0°, 200° (approx.), and 350° (approx.). Between 0° 

and 200° the E.M.F. is negative, and has a maximum value of about 0-5 millivolt ‘ 

between 200° and 350° the values are positive, with a maximum of about 0-13 
millivolts. Above 350° the E.M.F. is increasingly negative. This phenomenon 
has been previously noted in the case of steel in the recalescence region,* where, 
however, it is associated with a molecular transformation. It is of such rare occur- 
rence, however, that this new example was considered worthy of special record. 


DISCUSSION, 


Dr. J. S. G. THOMAS congratulated the authors on their successful demonstration of the re- 
inversion described. Benedicks was aware that the effect known by his name would be attributed 
to strain in the material, and he had carried out experiments in which mercury formed one 
element of the couple, in order to obviate strain. Had the authors considered the possibility 
of an electro-thermal effect of this kind located in the molten metal between the hot and cold 
junctions ? 

Mr. DARLING replied that judgment must be suspended with regard to the Benedicks effect 

pending the report of the Committee now sitting upon it. There was a question whether an 
E.M.F, exists between the molten and solid forms of a metal at the same temperature. American 
piysicists claimed to have detected an E.M.F. of a few microvolts in such circumstances, but this 
_ degree of refinement was beyond the capacity of the apparatus described in the Paper. 
In reply to a question by Dr. H. Borns, Mr. DARLING said that the experiment on re- 
| inversion could be repeated successfully two or three times in succession, but a kind of fatigue 
was observable, and, while the E.M.F. curve always showed two turning points, it would not 
always pass twice through the zero value. 

Dr. H. Borns: That is what I expected. The beauty of the authors’ experiments is, of 
<ourse, their great simplicity, but they are very difficult to interpret, and I rather wonder that 
the curves are not more irregular than they are. When the authors melt alloys in a crucible 
and allow the liquid to overflow, combination with oxygen and nitrogen will occur and the 
original homogenity will be lost. I do not see that such experiments could easily be performed 
in artificial atmospheres of chemically indifferent gases, but such a course would be advantageous. 

Mr. DARLING said that in order to minimise oxidation of the metal this had been coated 
with carbon; in any case, it was difficult to see how surface oxidation could affect the result. 

The PRESIDENT expressed the hope that the authors would settle the questions raised by 
fepeating their experiments in an inert atmosphere with apparatus of sensibility equal tothat 
used by the American workers referred to. 


. 


*Belloc., Ann. de Chim. et de Phys., 30, p. 42 (1903). 
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XVIIL.—A PRELIMINARY MEASUREMENT OF A PRIMARY GAS-GROWN 
SKIN. 


By J. J. Mantey, M.A. 
(Research Fellow, Magdalen College, Oxford). 


Received February 26, 1924. 
ABSTRACT. 


The Paper deals with an electrical method for detaching a gas-grown skin from a glass. 
surface. Determined in this way, the massiveness of the skin per unit area is shown to be much 
larger than is generaily supposed. 


[N this communication is given an account of a preliminary determination of the 
_ depth or thickness of the skin that can be formed upon glass by the adsorp- 
tion of air. Attention is also drawn to the complex nature of the skin. 

It is well known that the production and maintenance of high vacua are matters 
of extreme difficulty even when the vessel that is being evacuated is small and 
hermetically sealed to the pump. If when a high vacuum has been produced, the 
pump is for a time kept inactive, the gas pressure within invariably increases and ~ 
the apparatus has the semblance of being slightly porous. On removing the gas ~ 
and again leaving the pump at rest, there follows a second growth in the pressure. 
The experiment may for morths be made daily with the result that on every 
occasion free gas is obtained. If, however, a McLeod gauge be included and the ~ 
pressure measured as frequently as and just before the pump is used, in the ~ 
course of some months we find that the daily growth in the pressure very slowly 
and steadily declines and finally ceases ; this gives rise to the conclusion that the gas — 
removed with so much difficulty, was at the outset, present upon the glass in the 
form of a skin ; since, however, this is removable by prolonged pumping, it follows 
that the skin possesses an appreciable vapour tension. This tension can be balanced 
and measured by the pressure of the ges emitted by the dwindling skin, as may be 
shown by the fact that if the pump is kept inactive for a prolonged period and the 
gas pressure measured daily, a time arrives when no further increase in the pressure 
is observable. 

For measuring the depth of a gas-grown skin, two methods are available : 
The one is in character adsorptive and the other eruptive. For the adsorptive 
method, a glass vessel of knowri dimensions is first simultaneously heated and 
evacuated to the highest degree possible, and then charged with a known volume — 
of gas, the pressure of which is then periodically determined. When the pressure 
has become stable, the observed decrease in gaseous volume is a measure of the 
molecular depth of the skin for the given conditions of temperature and pressure. — 
According to the eruptive method slightly modified and followed in this present 
instance, a cylindrical glass vessel is filled with the required gas and kept at a known 
temperature for a considerable time ; this allows the glass surface to acquire a 
maximum skin. Subsequently, the vessel is highly evacuated and thus maintained 
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until the°daily growth in the pressure is inappreciable. The ends of the tube are? 
then covered with long and closely-fitting caps of tin-foil which communicate with : 
the secondary poles of an induction coil. On using the coil a glow discharge fills 

the tube and at the same time begins to loosen and erupt the gas-grown skin; the 

Tesultant free gas is then in a way previously arranged, measured and the depth 

of the skin calculated. 

I now proceed to show that in addition to the skin removable by pumping and: 
by me termed a secondary skin, the glass possesses a primary and far more permanent 
one. The evidence for the existence of a primary as distinct from a secondary skin 
was obtained by experimenting with the chamber of a Tépler pump. First, the whole 
pump was made chemically clean and dry and charged with highly purified mercury ; 
then for some months the chamber was frequently exhausted until finally the gas 
pressure was no longer reducible ; the pump with its drying tube was then sealed 
off from all other apparatus and left undisturbed for three years. At the time of 
sealing the internal pressure as measured by a McLeod gauge, was 41075 mm. 
Immediately before carrying out the concluding part of the experiment, the pump 
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was used once in order to remove possible traces of air; a bubble, scarcely dis- 
eernible, was thus expelled through the fall-tube. The cistern was then lowered 
and so placed that the chamber of the pump and its side tube were effectively trapped 
off by mercury from the attached drying tube. Next, the upper half of the chamber 
was covered with tin-foil and connected by a wire to one pole of an induction coil ; 
a second wire joined the coil to the mercury in the cistern. On closing the primary 
circuit the chamber was instantly filled with a bright glow yielding a many-line 
spectrum. After 5 minutes the current was stopped, and the cistern slowly raised 
to transfer free gas from the chamber to the upper portion of the fall-tube ; there it 
was retained until its pressure and columnar length had been measured ; the bore of 
the fall-tube was known and therefore the volume of the gas was now calculable. 

inally, the gas was ejected and the cistern replaced. These operations were per- 
ormed ten times. During these ten five-minute periods, the total volume of gas 
roduced was 0-1324 cubic cm., the pressure being normal and the temperature 
15°C. The largest individual volume 0-0445 cubic cm. was obtained during the 
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first and the smallest 0-0033 cubic cm., during the last period. The results are. 
graphed in the accompanying Fig. 1, wherein the volumes are plotted along OY 
and the periods along OX. Apart from three balancing irregularities probably 
resulting from variations in the applied high E.M.F., the curve is surprisingly smooth, 
and of the determined points, seven lie upon the graph, the terminal slope of which 
approximately corresponds to a mean rate of eruption of 0-0009 cubic cm. of gas per 
minute. As this was still the rate when the experiment was concluded, the complete 
removal of a gas-grown skin is very possibly a lengthy matter. The area from which. 
the gas was erupted being known, it was easy to calculate the number of superposed 
molecules liberated during the whole period of 50 minutes. For this purpose the, 
following data were used :— ont 


Internal area of glass chamber=230 sq. cm. 

Diameter of air molecule=3-72 x 10-$ cm. (J. H. Jeans). 

Number of molecules=6 x 10% per 22,400 cubic cm. 

Volume of erupted skin measured as air=0-123 cubic cm. at N.T.P. 


From the above it is found that the erupted skin which on account of its per- 
sistence for three years may be regarded as a normal one, had a minimum depth of 
20 molecules ; a value which is much higher than that usually given-by Langmuir 
and others. 

The experiment just described is of a preliminary kind only ; consequently its 
form is imperfect. The chief objection arises from the probability that some of the 
erupted skin measured as gas, was derived from the mercury in the chamber. A 
similar objection to the presence of mercury likewise holds for experiments con- 
ducted by the adsorptive method. An extension of this present investigation has 
been planned ; and in the new apparatus mercury will be excluded during the erup- 
tion of the skin. In due time therefore I hope to give more precise information 
concerning the molecular depth of a skin as determined by the eruptive method. 

In conclusion, it may be pointed out that from my experiments it appears (1) that 
a nude surface when brought into contact with a gas, first acquires a true, permanent 
and primary skin which under all ordinary conditions is retained even in the presence 
of high vacua ; and (2) that the completed primary skin adsorbs a quantity of its 
parent gas in much the same way as solids in general do. According to this view the 
skin which I have termed secondary is not a true skin, but a certain mass of gas 
which varies with temperature, pressure, &c., condensed upon and commingled 
with the molecular groups forming the true and primary skin. 


DISCUSSION. 


For Discussion see page 293. 
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XVIII.—ON THE REMOVAL OF GAS-GROWN SKINS FROM A SPRENGEL 
PUMP. 


By J. J. MANLEY, M.A. 
(Research Fellow, Magdalen College, Oxford). 


Received March 11, 1924. 


ABSTRACT. 
The pump possesses two vacuum tubes which are interposed between the cistern and the 
fall-tube. The vacuum tubes have external electrodes. When the pump is in use the electrodes 
are activated ; and the mercury, in falling through the glow discharges, is largely freed from 


condensed and adsorbed gases. 
[N a former communication* it was shown that by giving the Sprengel pump an 
appropriate form and by adopting a certain procedure, the gas-grown skins 
upon the interior surfaces can be removed and their re-formation prevented for a 
very considerable time. It must, however, be admitted that the form of the pump 
is somewhat complicated and therefore correspondingly costly ; also, that the pre- 
_ liminary operations involved in preparing it for use are intricate and not easily 
_Tepeatable ; but as the absence of gas-grown skins secures for the worker such 
_ marked advantages as (1) a greater efficiency on the part of the pump, and (2) free- 
dom from impurities resulting from erosion of the skin by the flowing mercury, such 
objections would in some cases have but little weight. During the past year, how- 
ever, attempts have been made (a) to simplify the structure of the pump and (6) 
_ to discover some more convenient method for removing the skin: these objects 
have now been attained by the construction of a pump having the form shown in 
| Fig. 1. The success of the new pump is based upon the fact that if a highly-exhausted 
tube is fitted with external electrodes activated by a powerful induction coil, the glow 
discharges transform the skins of the inner surfaces, into free gases. The present 
pump therefore differs from the usual type, chiefly in respect of two vacuum chambers 
_ A, B, having external electrodes C, D. These electrodes are made of tin-foil strips 
7 cm. wide and 30cm. long ; they are attached in the following way :— 

First the inside of a strip is evenly coated with concentrated shellac varnish 
and one end placed upon the glass, so that it is parallel to the axis of the tube ; then 
the foil is continuously wound and at the same time gently rubbed to expel air 
bubbles. When the winding is complete the newly formed electrode is varnished and 
given a connector for the induction coil. The connector consists of a duplicated 
band of tin-foil, in one end of which is embedded a wire having a protruding loop. 

The band is wound upon the electrode after the manner described above, and its 
position is secured by two turns of adhesive tape. Built thus, the electrodes are 
extremely reliable, and, provided the applied E.M.F. is not excessive, the supporting 
glass tubes are but rarely pierced by a discharge. 

For removing aqueous vapour, use is made of two communicating drying bulbs 
E, F ; these are charged with phosphorus pentoxide rendered pure by ozonised air.t 

The several parts of the apparatus are chemically cleaned and dried just before 
they are joined together to form the complete pump. The pump, having been 

* Proc, Phys. Soc., Vol. 34, Part 3, p. 86, 


f Trans. Chem. Soc., Vol. 121, p. 331 (1922). 
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set up and joined by means of the tube T, to a Tépler or other auxiliary pump, is 


prepared for use as follows :— 
First, the tap G is closed ; then the cisterns P and S are charged with highly 


purified mercury ; next the head Q is connected through a drying-tube with a Geryk 


BCE lhe 
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or other manual pump, and the ends of all open tubes having been closed by air-tight 
caps, the Sprengel pump is then highly exhausted and the whole carefully heated. 
| Next, the apparatus is re-filled by slowly admitting air through the drying-tube ; 
then again exhausted and re-heated. These several operations having been per- 
formed a few times, and the pump highly exhausted, the cap is removed from the 
submerged end of the fall-tube and the tap G opened so as to charge the tubes with 
mercury ; the pump is now ready for use and the vessel to be evacuated may be 
fused toQ. A very decided advantage is, however, gained if, instead of joining the 
vessel to O direct, a barometric trap* is interposed between the two. 
In evacuating any vessel most of the air is first removed by a Geryk pump which 
is then trapped off by mercury in the usual way. The Sprengel pump is now brought 
into use, and when the vacuum is high the secondary poles of an induction coil I 
are connected, the one with the electrode D, and the other with the platinum wire 
sealed into the reservoir K. On using the coil, which is worked by a battery M of 3 
accumulators in series, the whole of the chamber B is filled with an ordinary glow 
discharge ; this gradually transforms the gas-grown skin found upon the interior 
surfaces, into free gases ; also, the drops of mercury as they fall from the jet, are 
shattered and at the same time largely robbed of occluded and condensed gases ; 
these gases are at frequent intervals, withdrawn from B by the pump operating 
‘through T. After a time the other chamber A is similarly treated ; and for this 
purpose the wire R is transferred from K to C. It may be noted that when the 
poles of the coil are joined, the one to C and the other to K, both chambers may be 
simultaneously subjected to the influence of the glow. Proceeding thus, and 
alternately exciting A and B, but chiefly B, the efficiency of the pump rapidly in- 
creases and after a time bubbles fail to appear in the bend leading into the fall-tube. 
From this time onward any change in the working of the pump is in the direction, of 
a maximum efficiency ; and, provided the head is always trapped off by a barometric 
column, prior to the opening or removal of an evacuated vessel, it follows theoretic- 
ally that the more largely the pump is used the greater does its efficiency become. 


DISCUSSION on Papers XVII. and XVIII. 

Dr. J. S. G. THomas said that all admired the patience which the author had devoted to 
the improvement of the mercury pump. Would it be possible to get rid of the primary skin 
with the modern condensation or jet pump ? 

The AUTHOR said that he had not tried the jet pump, as his ultimate object was to perfect a 
circulator for helium and its congeners, for which purpose a Sprengel pump was more convenient 


cht the latter could probably be used as suggested. 


than a jet pump. He thoug ; 
Mr. F. E. Smiru inquired whether the investigations described had been extended to skins 


on the walls of silica vessels. The latter were of practical importance in view of the increasing 
use of silica for thermionic valves. 

The AuTHOR replied that he had notin 
would be similar to those described. He wou 


vestigated silica, but he had little doubt that theresults 
1d recommend the use of external electrodes for clearing 
silica vessels. His experiments had proved that glass is not porous, as was once suspected. 

Dr. D. OWEN asked whether the ‘‘ primary » skin was to be regarded as in the solid or liquid 
state. What assumption had been made as to the distance apart and arrangement of the 
molecules in calculating the depth of the skin ? at 2 

The AUTHOR replied that the skin appeared to be in a state between that of a liquid anda 
solid. He had calculated the minimum depth by assuming that the molecules were in contact 
and had gas-kinetic diameters. Langmuir in his experiments on the addition of two layers of 
molecules at a surface had assumed that these made up the whole thickness of the skin g his 
ewn conclusion was that there were really at least 20 such layers. He hoped to make similar 


measurements on other gases, particularly the inert gases. 


| * Proc. Phys. Soc., Vol. 35, Part 3, p. 137. 
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XIX.—THE: “ DIAMETRAL PLANE” IN ELEMENTARY OPTICS. 
By Cuartes H. Lees, D.Sc., IE IRS 


ABSTRACT. 


It is shown that a simple graphical method suitable for use in elementary optics may be 
based on the relation between the distances from the centre of curvature of the points at which 
the rays at a refracting spherical surface cross the diametral plane of the surface. 


I. INTRODUCTION. 


T is usual in elementary optics to specify a thin lens by its focal length in vacuum 
or in air, which to the degree of accuracy contemplated has an index of refrac- 
tion=1. When the lens has to be used in a medium of index other than 1| its focal 
length in the new medium cannot be found from its vacuum value without a know- 
ledge of the refractive index of the material of the lens itself. Iffurther the lens sepa- 
rates two media of different refractive indices its two focal lengths cannot be found 
without a knowledge of its refractive index, its two radii of curvature and the refrac- 
tive indices of the two media. While for many purposes the specification of the 
vacuum or air focal length of a thin lens is sufficient, the specification is incomplete 
unless its two radii of curvature and the refractive index of, or the speed of light 
in, its material are given. Thus, 24, 1:52, —4 or 24, 1:98, —4 the 10% being 
omitted, would define a “‘ crossed lens ’’ completely, and would enable its behaviour 
under any conditions to be determined. In cases in which the vacuum focal 
length alone were required it could be calculated from the data given, and used in 
any formula involving focal lengths. For the more general cases involving media 
other than air the above specification gives just those quantities required in the 
formule established for thin lenses. For thick lenses the distance apart of the 
two surfaces must also be given so that the specification is of the form 24, 
(1°52, °8), —4 or 24) (1-98, °8), —4. 

When. we pass from the analytical expressions to the graphical methods gene- 
rally used we find that the latter almost all depend on a knowledge of the positions 
of the two foci, and any specification which does not give the focal length or focal 
lengths appears at first sight to involve a calculation of one or both quantities before 
graphical methods can be utilised. This is, however, not the case, and it is the 
object of the following pages to show that a graphical method applicable over a 
wide field flows naturally out of the specification of a lens by its radii of curvature, 
its refractive index, and the distance of its surfaces apart. 


II. REFRACTION AT A SPHERICAL SURFACE. 


The fundamental problem of elementary geometrical optics—the refraction at 
a single spherical surface—receives little attention in elementary text books, as 
compared with that devoted to mirrors and lenses, owing probably to the fact that 
it introduces at once the difficulties of the two focal lengths and the proper directions 
in which they should be measured from the surface in the different cases which may 
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arise, while for mirrors and for lenses in single media only one focal length is involved. 


»In-what follows refraction of paraxial rays at a single spherical surface to the order 
_ of approximation usual in elementary theory is regarded as the starting point. The 
' surface at which refraction takes place will be replaced by the tangent plane at its 


ce >»? 


vertex—the “ vertex plane ’’—and the parallel plane through the centre of curva- 
ture of the surface will be called the “‘ diametral plane.” 
The elementary theory of refraction at a spherical surface may be reproduced 


*as follows :— 


Let AC, Fig. 1, be the axis of a beam proceeding to Q,, PQ, one of the rays 
and A the vertex of a spherical surface AP, separating media 1 and 2, in which 
the velocities of light are v, and v, respectively, and let C be the centre of curva- 


Fic, 1. 


CD, CD, 
(Pa: incident, PQ, refracted ray, a 5) 
on Ve 


ture of the surface. Let the ray PQ, in the first medium give rise to the ray 


PQ, in the second. 
Then, if 7, and 7, are the angles of incidence and refraction at P the law of 
refraction gives us 


sin . 4, _Sin «43. (2:1) 


ors 2 
If 7, and 7, are small this becomes 7,/0;=13/v. 
If the angles of inclination of PC, PQ, and PQs to the axis 40 be written 


C, Oy, Qe respectively, we have i,=C— = 0», and the equation becomes 


"01 _C-=0; 
V4 ieee 
which gives 
oe a el al ) 
p, SAC AQ,;/ ¥, SAC AQ,” 
or writing 
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the usual equation. Hs 
Since the angles of inclination of the radius and rays to the axis are small the 


arc AP may be taken as coincident with its tangent at A, that is, the surface of 
separation of the media may be taken as identical with the vertex plane. 
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III. Tue GRAPHICAL METHOD. 


Through C draw the diametral plane parallel to the vertex plane, cutting the 
rays PQ,, PQ, in D, and D, respectively. Then, since (2-2) gives : 
AP u,—7_ AP %4,—?# 
Ge, iis. tales mee 


? 


we get by similar triangles . 
CD, /0;=CD,/%., ae (3-1) 
the relation which gives the diametral plane its value. It holds only to the degree 
of approximation for which (2-3) is true.* It leads to the following simple 
construction for the refracted ray :— = 
Let AC be the axis of a beam proceeding to Q,, AP, Fig. 2, be the vertex — 
plane of the spherical surface separating media in which the light travels with © 
speeds v, and v, respectively, CD, the parallel diametral plane through C the 
centre of curvature, and let PQ, be a ray in the first medium, cutting the vertex — 
plane in P, and the diametral plane in D,. Take CD, along CD,, such that 
CD,/CD,=v,/v,, join D, to P, and produce to cut AQ, in Q,. Then PD,Q, is the 
refracted ray.} 
The intersection of the ray with the diametral plane is real for the ray in the 


Fic. 2. 


(Po, incident, PQ, refracted ray, BW,=CD,, BW,=CD,, Sates 
V4 Vs 


medium on the concave side of the surface and unreal for the ray in the medium on 
the convex side. Unreal rays are indicated by dotted lines in the figures. 

A graphical method of cutting off lengths in the diametral plane proportional 
to the velocities in the media on the two sides of the spherical surface may be used, 
ae it has been found more convenient to carry out the construction at the vertex 
plane. 

From a point B in the vertex plane, Fig. 2, two lengths, BV,, BV, proportional 
respectively to the velocities v, v, of light in the two media on the two sides of the 
plane, are measured in sloping directions downwards into their respective media 
so that each ends in the same straight line parallel to the axis of the refracting 
surface. Any straight line parallel to the axis cuts off lengths from the sloping 


lines proportional to the velocities of light in th j 
e two media, and th 
transferred to the diametral plane. : meena 


* 
If any plane be drawn parallel to the vertex and diametral planes, and PC, PD,, PD, cutitin 
Yoru soe 


Yo, Y;, Y2, we have to the same degree of approximation 
: : BA ee 
j The construction is the same whether C lies between 4 and Q or outside them. 
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IV. LENGTHS OF OBJECT AND IMAGE. 


The construction of Fig. 2 leads directly without the introduction of further 
‘approximations to the usual expressions for the relative lengths of object and image 
when they are short lines either along or perpendicular to the axis. 


A. When Along the Axis. 
Writing AP=b, CD,=v,c, CD,=v,c, we have 


b 
Cpe 
1 Spank 


If, then c increases by the small amount c’, and this causes an increase w’, in ty 
and u,’ in uw, we have 
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or lengths of object and image are proportional to the squares of their distances from 
the vertex plane, and to the velocities in their respective media. 


B. When Perpendicular to the Axis. 

If a short straight line of length a, 1s erected perpendicular to the axis at Q, 
and the top of it is joined to P, the intercept on the diametral plane becomes v,(c-++c’) 
where c’ is small. The image of a, is a straight line of length a, perpendicular to the 
axis at Q, and when the top of it is joined to P the intercept on the diametral plane 


becomes v,(c-+c’). 


u u 
Hence == ve and a,—— Were Pe ee oh cee ak ao) 
; r 


Thus =— SN ie a eet Ce Fo aoe eee TS (4. 6) 


or lengths of object and image perpendicular to the axis are proportional to their 
distances from the vertex plane, and to the velocities in their respective media. 
In the special cases in which 7 is large compared to ™, and tz Fig. 2 gives 


vd vb 
at hg = OF HV HV 
=F ' 50 Bee ee 

U, Uy Y 

very nearly, and equation (4:3) becomes pas vey nearly, or the lengths of 

2 2 1 

the axis and near the surface are nearly propor- 
the surface or to the reciprocals of the speeds in 
ths perpendicular to the axis the relation (4-6) 


‘object and image when along 
tional to their distances from 
their respective media. For leng 
gives a,=a, or object and image are equal. 


* The denominators are b-+,¢c and b +02, if Pand D,D, are on opposite sides of the axis. 
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V. REFLECTION AT A SPHERICAL SURFACE. 


Since the relation between the distances of conjugate points from a spherical 
surface at which reflection takes place may be obtained from that which holds for 
the distances on refraction at such a surface by making the ratio of the velocities 
in the two media --—1, the construction for the reflected ray is to set off (Fig. 3) 
CD’, equal to CD, but in the opposite direction from C and join D’, to P. The 
join is the reflected ray, and its intersection Q’, with the axis will be the image of Q;. 

The intersections of the rays with the diametral plane are real if the reflection’ 
takes place at the concave side and virtual if at the convex side of the surface. 


VI. REFRACTION AT A PLANE SURFACE. 


If the curvature of the surface at which refraction takes place diminishes, the 
centre C moves to the right (Fig. 2), the points D, and D, cross to the other side 
of Cand both CD, and CD, become large. Any convenient plane parallel to the vertex 
plane may be substituted for the diametral plane and if Y)Y,Y,are the points in 
which it is cut by the lines PC, PD, and PD, we still have as in §4 + 

Vy 2 


When the surface becomes plane PC is perpendicular to AP and to Y,Y,Y, so that 


FIG. 3. 
(PQ, incident, O° P reflected ray, CD’, =—CD,). 


Y, may be taken as any convenient point on the normal at P. Image and object 
are at distances from the’surface inversely proportional to the velocities in their 
respective media. 

Lengths of image and object when short straight lines along a normal to the 
surface according to § 4 with vc large compared to b are proportional to their distances 
from the surface, and when perpendicular to the normal their lengths are proportional 
to their distances from the surface and to the velocities in their respective media. 


VII. LENSEs. 


If the second medium is bounded on its further side by a second spherical surface 
co-axial with the first it constitutes a lens. The medium on the further side of the 
second surface may differ from the first medium or may be identical with it. In 
either case the construction for the refracted ray due to any incident ray is carried 
out as before by the use in succession of lengths in the two diametral planes pro- 
portional to the speeds of light in the media on the two sides of the surface to which 
the centre and vertex plane belong. The incident and refracted rays at either vertex 
plane cut each diametral plane at distances from the centre proportional to the 
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‘velocity of light in the medium in which the ray is travelling. It is convenient 
to draw the velocity lines for the second vertex below or above those for the first 
as in Fig. 4. 

The method of determining the emergent ray is the same in all cases, whether 
the lens is thick or thin, whether the media on the two sides of it are identical or 
not, and whether the speed of light is less or greater in the lens than in the media 
on the two sides of it. 


VIII. Turn LENSES IN A SINGLE MEDIUM. 


The case most often treated in elementary works is that of a thin lens in a singh 
‘medium. The two vertex planes then coincide at A, but the determination of the 
emergent ray is unaffected, except that the ratios of the intercepts of the rays on the 
diametral planes are now identical. If A, Cj, and C,, the vertex, centre of curvature 
of the first and that of the second respectively are written down in the order in 
which the light passes through them, and the subscripts of the C’s, 1 referring to the 
surrounding medium and 2 to that of the lens, are written in the same order, the lens 


Fic. 4. 


(Vertex planes for a thick lens separating different media). 


is converging if the C subscript next to A is that of the medium in which the speed 
of light is the larger, and is diverging if the subscript is that in which the speed 
is smaller. 


IX. CONCLUSION. 


The previous paragraphs are sufficient to show that a considerable simplification 
and unification of the graphical methods of treating elementary optics may be 
‘secured by the use of the diametral planes and their properties. 


DISCUSSION. 


Mr. I. Smrru said he had some hesitation in speaking on this Paper, for the subject appeared 
very differently to the teacher and to the optician. Indeed, it seemed that in optics one could 
be either intelligible or accurate, but not both. His observations were made from a point of 
view which the author might well claim to be without importance for the teacher. 

From the practical point of view, a thin lens is specified by one quantity—its power—which 
represents the instantaneous change of curvature suffered by a wave front in passing pees a 
jens. All problems are capable of treatment in terms of the lens as the element if the t ick plate 
4s included as a special case. For instance, in immersion microscopy, the immersion fluid is 
taken as a parallel liquid plate, and the specimen under examination may be regarded as separated 
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from the mounting medium by an indefinitely thin film of air. This combination of a plate with 


a lens should remove the student’s difficulty in dealing with cases in which the external media 


are different. The real objection to this treatment—that some rays would be reflected instead 
of refracted were an air film actually present—is not likely to occur to the student. This point 
does not arise where small angles of incidence are involved. 

In specifying a lens the rational procedure consists in giving curvatures rather than radii, 
since a high percentage accuracy is important in short radii, and a very rough approximation, 
such as the first figure only, in long radii. 


Prof. Lees’ treatment of the geometrical method was no doubt based on an intimate know- — 
ledge of the student. One would, however, expect the student to observe that in a sphere every — 


plane through the centre is a diametral plane, but that different planes in this construction give 
different results. It should therefore be pointed out that the relation used applies strictly to 


the perpendiculars to the rays. The construction of the Paper would be exactly trite for collinear ~ 


imagery, and the distinction between these intercepts and the perpendiculars illustrates that 


collinear imagery is not attainable. Young’s construction for refraction at a spherical surface, — 


which is as simple as the author’s and is exact, is worth consideration as a basis of an elementary 
geometrical treatment, and has the special advantage of drawing attention to the aplanatic 
spheres which are of such importance in the construction of certain lens systems. 


Mr. THOMAS H. BLAKESLEY admitted that he had been allured to the meeting of the Society — 
by the title which had been given by the author to his Paper, inasmuch as he himself had been, ~ 


in days gone by, somewhat of a revolutionary in the matter of geometrical optics. Everyone 


knows that the geometrical shape of the lens is determined by two radii of face curvature and 
a length along the axis separating the faces, and that the various optical characters require © 


something more, usually the index of refraction for the light employed, for complete determina- 


tion. But it by no means follows that the quantities treated as fundamental are the best for — 


formulation of properties. The author clearly thirks otherwise, and in this he has the speaker’s 
sympathy and best wishes for success. 

Suppose as a case, among many other possibilities, that in the section of the lens containing 
the axis the two faces meet in an angle equal to 26 at the point P. From P draw PC 


Paget this horn-angle, and PN at right angles to the axis, and call the angle NPC « and 
ca INR: 


Then the focal length generally is equal to 


h cos B U I 


and taking the usual steps to find when this can be a maximum or minimum, the condition 
appears that cos c=y2—] - —cosf, and under these circumstances the focal length is 


h 


u—1* sin 28 
When the more ordinary quantities, viz., 
7, the radius of the first surface encountered by the light ; 
7, the radius of the second surface encountered by the light ; 
d, the thickness of the lens at the axis : 
u, the index of refraction : 


are employed as fundamental, all the four being mutually i i 
, y independent, and sufficient for 
generality, the treatment will be much the same. : ‘ ; 


ee 
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it may be mentioned that the symbols above given for the face radii, viz., vy, and v,, are 
considered to have positive values when the light in its passage passes the centres of curvature 


before encountering the corresponding surfaces. This corresponds with the usual treatment of 
curved mirrors. 


With these conventions the value for the reciprocal Ls of the focal length f is expressed by 


eel v—1f 


ee al rete) | 
tp 


J 


from which the differential coefficient with regard to wu is— 


(Gt a t-t4) \ 


which is zero when d=y?(d—yr,+7,), an expression being still more simple when it is pointed out 
that (d—rv,+7,) is merely the distance from the first centre of curvature to the second, measured. 
positively down the stream of light, and calling this D 


d=w?D 


If two straight lines pq, vs, of which pg=y?vs, capable of sliding one upon the other, are’ 
in any position as shown, and spheres are struck from centres p and q, at distances pr, gs, through © 
y and s, and the space indicated filled with a medium whose index is yu, it will constitute a lens 
_ achromatic in the sense often employed of having focal lengths running in pairs which are equal, 
and coalescing in a maximum or minimum value (according to convention in signs) at the index 
considered. And, further, if u, be a little in excess of p, the focal length will be equal to that 
‘for Uo, a little in defect of u, if ujy.=p?. 

If equality of focal length in respect of two indices is required, we may calculate the relation 
of rs to pg as vs=U4U.2p97. We shall so obtain the required equality in focal lengths, and if 
curiosity should require the particular index for the maximum effect it may be obtained 


from w= ui h>- 

_Mr. T. Surru (subsequently communicated): The difficulty mentioned by Prof. Lees in his 
reply as to the axis along which the foci should be measured in the case of a spherical surface 
is surmounted by pointing out that, strictly, focal lengths are measurable along the actual 
ray, not along the axis. 


Mr. Ro~Lo APPLEYARD (communicated) : In a Paper read before the Physical Society on 
June 11, 1897, and published in the Philosophical Magazine of August, 1897, Prof. T. H. Blakesley 
examined the question of definition of ‘‘ focal length,” and urged physicists to revise their ideas 
concerning the matter. It is to be desired that the present contribution to the subject by Prof. 
C. H. Lees should be considered in association with that of Prof. Blakesley, and that the oppor- 
tunity should be taken to examine whether it is possible to free our definitions from difficulties 
such as arise from having to take into account the thickness of the lens. The arguments of 
Prof. Blakesley deserve closer attention than they have received. Briefly, he points out that 
“focal length ”’ should be defined as an abstract length—a straight-line characteristic of the 
lens or lens-combination. It is thus analogous to the inductance of a helix, and we do not confuse 
the length of the helix with the abstract length denoting the inductance. He then explains that 
any function of the respective distances of object and image from their appropriate focal centres, 
and the focal length, may be employed in conjunction with the usual v, uv, f formula to eliminate 
either of those distances. He selects the magnification m as such a function, and writing v for 
the distance from any fixed point on the axis, measured positively in the diréction of the light, 
to the position of one of a pair of conjugate foci on that axis of a coaxial lens-system, he obtains 


dv 
—=f=focal length =constant. 


dm 


| 
- 
| 
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And similarly for the other focus, which may be in a second medium, 


du ay; 
d(ijm) ~* 

Or 6 ees 
U—Uy fy 


from which he derives a complete system for expressing in a simple manner the required charac- 
teristic lengths for any lens or mirror. The question is dealt with in greater detail in his “ Geo- 
metrical Optics,” published in 1903, and long since out of print. It is noteworthy that the 
function selected by Prof. Lees is not the magnification, but the relation of the distances from 
the centre of curvature of the points at which the rays cross the “‘ diametral ’’ plane in the case 
he has chosen. Consequently his valuable paper may be regarded as a further illustration of the 
principle that focal length is primarily an abstract characteristic, to be determined in various 
ways according to what function is selected for the elimination process—but preferably, perhaps, 
by the selection of magnification. 


The AUTHOR, in reply to the discussion, said that he had tried the use of curvature in 
teaching elementary optics, but students at the stage of knowledge he had in mind did not, in. 
practice, readily respond to this method, and he had had to abandon it.. A student who is - 


supposed to know enough to calculate the image in air of a lamp in a glass tank with a lens in 
its side very frequently makes mistakes in dealing with focal lengths, whereas radii of curvature 
make a more direct appeal to him. The fact that the axis is to some extent arbitrary in the 


method described is a weakness, but one that is shared with the usual methods depending on 


focal length. 


en 
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X.—APPARATUS FOR THE DETERMINATION OF THE HEAT OF 
EVAPORATION OF LIQUIDS OF HIGH BOILING POINTS. 


By J. H. Awsery, B.A., B.Sc., and Ezer Grirritus, D.Sc., The National Physical 
Laboratory. 


Received March 18, 1924. 


ABSTRACT. 


Two new forms of apparatus for determining the heat of evaporation of liquids of high 
boiling point are described, and their relative merits briefly discussed. 
In the one the determination is made by a measurement of the amount of liquid vapourised 
for a given energy supply (radiation loss being eliminated by means of a constant temperature 
jacket) and in the other, the energy given up on condensing is estimated by means of a continuous 
ow calorimeter. The latter is thus a modification of the well-known apparatus of Berthelot, 
but particular attention has been paid to the avoidance of defects inherent in earlier types of 

pparatus. 

The apparatus have been tested by determining with them the heats of evaporation of 
uch liquids as alcohol, water, and aniline, whose heats of evaporation are well known. 

A brief survey of the earlier work is included, and a number of references given. 


INTRODUCTION. 


| )URING the course of some general investigations, it became necessary to 
determine the heats of evaporation of some liquids boiling at temperatures 
from 300 to 400°C. 

The high temperatures involved rendered the utilisation of the customary forms 
of apparatus extremely difficult, so modifications had to be made to meet the special 
requirements of the case. 

The apparatus hitherto employed for latent heat measurements may be broadly 
classified under two heads: In the one the quantity of heat liberated on the con- 
densation of a definite weight of vapour is measured. In the other the heat which 
must be supplied to the liquid to produce a certain weight of vapour is measured. 

All the earlier forms of apparatus belong to the first class for the simple reason 
that gas heating was almost universal at the time of their origin, and it is only the 
development of electrical measurements that has rendered possible the use of the 
second method. 

In this Paper it is not necessary to dwell in detail on the historical apparatus, 
but in passing one must pay tribute to the insight shown by Regnault* in designing 
his apparatus on a really large scale, arid thereby minimising the errors inherent in 
the first method. We employed this method, and made two modifications which are 
obvious in the present state of our knowledge of calorimetry, namely, the application 
of the continuous flow calorimeter and of electrical heating. 

This rendered possible the carrying out of an experiment under steady con- 
ditions, and, furthermore, the length of the connecting tube between boiler and 
calorimeter was cut down to a minimum, thereby avoiding premature condensation. 


* Mem. de l’Inst. de France, 21, 638 (1847). 
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The second method of measurement, in which heat input is the quantity ob- 
served, appealed to us on account of the ease with which heat can be measured in 
the form of electrical energy, and a type of apparatus was devised working on this 
principle. Existing forms of apparatus did not afford us much help in the design, 
since they had been developed with a view to tests on liquids of low boiling points. 

It may be of interest before passing on to a description of our own apparatus” 
to indicate the development made by previous investigators. 

Following on Regnault, Berthelot* is the most noteworthy worker. in ‘this 
field. He produced a laboratory form of apparatus where the liquid was boiled 
in a bulb and the vapour carried into the calorimeter through a tube projecting 
up through the centre. 

When a ring burner is employed for heating, there is a tendency for super- 
heating of the vapour to take place in this form of apparatus. This apparatus was 
improved in details by Schifff and Louguinine.{ . 

Harker§ substituted internal electrical heating for the gas ring and also devised 
an ingenious form of valve. He emphasised the difficulty due to condensation of 
the vapour in the tubes and the carrying over of minute liquid particles. . 

Dr. E. H. Griffiths|] brought the electrical method to a high degree of perfection 
for determination at temperatures below 100°C. He also made an absolute deter- 
mination of the latent heat of benzene to serve as standard for Sir William Ramsay 
and Miss Marshallf/ in their comparative apparatus for latent heat determinations. 
Their apparatus consisted essentially of a glass globe similar to a lamp bulb which 
was enclosed in a jacket of the vapour of the same liquid as that under test. It 
was assumed that by this arrangement heat loss or gain by the liquid within the 
bulb was completely prevented. The electrical energy was not directly measured, 
but a similar apparatus with benzene was used as a standard, the two heating 
resistances being in series. 

It seems to us that the apparatus could be improved by the use of a double- 
walled enclosure for the bulb, so as to offer greater thermal resistance to the heat 
flow should the temperatures within and without the globe not be identical. 

In our apparatus this principle was adopted and, furthermore, the heat input 
was measured as electrical energy, since electrical measurements present nothing 
like the same difficulties to-day as they did 30 years ago, when Ramsay and Marshall’ 
carried out their experiments. 

In addition to the above-mentioned Papers, reference might be made to the 
following :— 

Trautz (Zs. Elch., 14, 271, 1908) ; Henning (Ann. d. Phys., 29, 441, 1909) ; 
A. C. Smith (Edinburgh Proc., 24, 450, 1903) ; A. W. Smith (Phys. Rev., 33, 17398 
1911); Nagornow and Rotinjanz (Zs. Ph. Ch., 77, 700, 1911); and Kahlenberg 
(J. Phys. Chem., 5, 215,1901). See also Glazebrook’s Dictionary of Applied Physics, 
Vol. I., p. 550. . 

' We turn now to our own apparatus. 


* Comptes Rendus, 85, 646. 

j Liebig’s Annalen, 234, 338 (1886). 

~ Ann. Chim. Phys., 7, 251 (1896), and 13, 337 (1898). 

§ Memo. Manchester Lit. & Phil. Soc. (4), 10, 38 (1896). 

|| Phil. Mag., 41, 1 (1896); also Phil. Trans. A., 186, p. 216 (1895). 
§] Phil. Mag., 41, 49 (1896). 
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q APPARATUS No. 1. 


The fundamental principle of this method is the determination by condensation 
of the total heat of the vapour, and the subtraction from it of the total heat of the 
liquid to just below the boiling point. 

This method was found to be extremely convenient, but suffers under the dis- 
advantage that the accuracy attainable is determined by the relative magnitudes 
of the heat of evaporation and the specific heat of the liquid. 

The experiment resolves itself into two parts (a) the determination of the total 
heat of the vapour, and (6) the determination of the mean specific heat. 

The apparatus employed for the determination of the total heat of the vapour 
is illustrated in Fig. 1. 


DESCRIPTION OF APPARATUS FOR TOTAL HEAT OF THE VAPOUR. 

A continuous flow calorimeter was employed for the measurement of the heat 
liberated by the condensation of the vapour and the cooling of the fluid. 

Referring to Fig. 1 the large vessel was wound with an external heating coil of 
approximate resistance 8 ohms, and through the top a thermocouple of copper-con- 
stantan projected, which recorded the temperature of the vapour. 

To diminish any radiation transfer between the liquid and the top of the boiler, 
the conical metal shield shown in the figure was placed inside. This was perforated 
with holes to allow free circulation of the vapour, and supported on a sheet metal 
cylinder which stood in the vessel. The outside and top of the heater were well 
lagged with asbestos wool contained in a sheath of asbestos paper. A re-entrant 
brass tube passed through the base of the heater, and was of such length that it 
projected above the surface of the liquid. Through this tube was carried a silica 
‘tube, extending to about 20in. below the base. This was surrounded with a water 
jacket through which a stream of water was passed at constant head. The water 
stream was arranged to flow up an outer jacket, when its temperature was approxi- 
mately that of the air, and down the inner jacket, during which time it took up 
heat from the liquid, and was almost completely shielded from radiation by the 
surrounding stream of incoming water. As additional protection the tube was 
heavily lagged with cotton wool. A thermometer inserted in a U-tube in the pipe 
line gave the temperature of the water on its entrance to the apparatus, and a set of 
copper-constantan thermocouples arranged differentially gave the rise of tempera- 
ture due to the heat absorption. A third thermocouple was inserted in the exit 
of the silica tube in such a way that the condensed liquid flowing down the latter 
ran over the junction. 

Thus the experiment consisted in steadily boiling the liquid under examination 
by means of the heating coil, when the vapour produced escaped into the silica tube, 
and, flowing down this, was condensed ; the heat given up in this process, and in 
cooling down to the temperature at which it was collected, is absorbed by the water 
flowing in the surrounding condenser. Hence, when a steady state is reached, we 
have, if Q is the water flowing per second, @ its rise (measured by the differential 
couples), ¢, and ¢, the temperature of the vapour and of the liquid at its exit from 
the apparatus, and Z its latent heat, s its mean specific heat in the liquid form over 
the range f, to ¢,, and m the mass of liquid condensed per second. 

j Q0=m{[L +s(t.—t,)]- 
Here s is known from a separate experiment, and every other quantity is directly 
AA 
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measured. @Q was determined by taking the time to fill a graduated oe ae it 
may be remarked that when the time measured was about 80 seconds : e extremes 
of several successive determinations of Q differed by less than 0-6 second. ee 
m was determined by collecting fractions for 30 seconds or 1 minute and weigh- 
ing, . 
; It will be noted that the value of s required is that over the range ¢, to ty (in 


Condenser 


Different ial couples 


Thermo couple 


FIG. 1, 


these experiments about 30°C. to 340°C.), whereas that found experimentally was 
determined over the range 20°C. to 320°C. approximately. It is not anticipated 


that the variation of specific heat with temperature is sufficiently large to introduce 
any appreciable error from this fact. 


a lie ape 
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DESCRIPTION OF APPARATUS FOR THE SPECIFIC HEAT OF THE LIQUID. 


The method of mixtures was adopted for this part of the experiment in the 
_ following form. 

The liquid under test was heated in a thick copper vessel of about 750 c.c. 
capacity, which had a large bore gas cock silver-soldered in the bottom. This was 
well lagged with asbestos wool, and immediately before an experiment some liquid 
was run out, so that contact with the tap would not cool the sample used for the 
experiment. The vessel was wound with a heating coiling of nichrome strip, of 
about 4 ohms resistance cold, and this sufficed to heat the liquid inside from room 
temperature up to 350°C. in about an hour. 

The temperature was obtained with a nitrogen filled mercury thermometer 
passed through a packing gland in the lid of the vessel. This thermometer was 

calibrated under the same conditions of immersion as those of the experiment. 


PROCEDURE IN CARRYING OUT AN EXPERIMENT. 


By means of the heating coil, the temperature of the liquid was raised to just 
below the boiling point. Some of the liquid was then run out so as to bring the 
temperature of the outlet pipe up to that of the liquid. Finally some of the liquid 
| was rapidly run into the calorimeter. The fluid in the calorimeter was an oil whose 

specific heat at air temperature was determined by the customary methods. 


RESULTS AND CHECK EXPERIMENTS. 
; The working of the apparatus was first tested by determining in it the latent 
heats ot the following liquids, the values for which have previously been determined, 
- and are quoted in the last column for comparison. 


Temp. of ali) L : IE 
Substance. boiling Ss Bis s(t,—t,) (cals. per | (Kaye & Laby’s 
Aes es gm.). tables). 
|Methyl alcohol 78-9 0-61 289 Bl 258 259 
Water ... a 100 1-00 605 68 537 540 
Aniline Boe We!) 0-51 183 78 105 104 


As the order of accuracy aimed at was only about 1 per cent. the agreement 1s 
satisfactory. 

A further check on the apparatus was obtained by comparison with the results 
of an alternate method of experiment now to be described. 


A SEcoND METHOD oF USE OF APPARATUS ie 


In this series of experiments the.converse principle was applied, in that the 
heat required to evaporate a known mass of liquid was determined, instead of that 
liberated on condensation of vapour. To adapt the apparatus above described for 
this purpose another heating coil was wound on a mica cylinder and fixed inside 
the boiler, suitably insulated from the base and from the central brass pipe. It 
was of such dimensions that it was completely submerged in the liquid throughout 
an experiment. 

The procedure adopted was to pass a suitable small current until a steady 
temperature was attained in the liquid, and to repeat this with several values of 

AA2 
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the current until a curve could be drawn showing watts expended against tem perature 
of equilibrium. When the liquid was at a steady temperature the energy supplied 
was lost by radiation from the surface of the calorimeter, and by a small graphical 
extrapolation over a range of about 20° or 30°C. the energy required to maintain the 
apparatus at the boiling point could be deduced. t 

In the next stage of the experiment the energy supply was increased considerably 
so that the liquid was boiling freely. The rate at which it distilled over was obtained 
by collecting fractions for a known time. In this method there is no question 
involved of total heat. The energy supplied, less that radiated, is all employed in 
vapourising the liquid, and hence the calculation of the heat of evaporation involves 
merely the measurement of the energy supply and the weight of liquid condensed. 

One important precaution to be observed in these experiments was to maintain 
the conditions uniform throughout as regards the thickness of the lagging and the 
prevention of draughts. 

A check experiment was carried out with aniline, and the results are shown 


Mass of Total Energy | Energy | Heat of 
aniline in) Tempera- Supplied. Energy | entering} evapora- Remereat 
30 sees.) tute. © | 'Radiated.| aniline. jtion. (Cals. ; 
(gms.) , °C. | (Volts.) | (Amps.) | Cals.) . (Cals.) (Cals.) | per gm.) 
50 25-0 3-44 | 205 | ~20-5 
135 | 29-4 3-91 | 27-45) 27-45 
140 29-6 3°92 vA fo’ hel Sf fr | 
159 | 33-9 450 | 36-4 | 36-4 
| | 
| 
| | 
| | 
17-88 183 57-16 751 | 102-6 | 40-8 61-8 103-7 


ACCURACY OBTAINABLE. 


The examples we have given above represent a rather higher degree of accuracy 
than we have been able to obtain in tests on certain commercial liquids, owing to 
the high fraction of the total heat which the specific heat term represented. In 
our experience it is the determination of the specific heat which is the more 
troublesome determination to make and the one which appears to be subject to. 
the greater uncertainty. 


Thus, for example, we have for one liquid C° _961-3, s(#2—?t,) =191-4, whence 


L=69-9. In this case, an error of 1 per cent. in the specific heat introduces an 
error of nearly 3 per cent: in latent heat. q 
Even for materials of low latent heat we consider that an equal accuracy would. 
be attainable by means of the second method of using Apparatus No. 1 with an 
internal heating coil. This method, however, is slow, since the radiation correction. 
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I 


| a be redetermined on each occasion that the lagging is disturbed, and this 
involves allowing the temperature to become steady at four or five points, each of 
which may take two to three hours. a 


Description oF Apparatus II. 

ratus above described is the necessity for sub- 
her the specific heat of the liquid or the heat 
emperature of the boiling point of 


The chief objection to the appa 


sidiary experiments to determine eit 
required to maintain the calorimeter at the t 


the liquid. 


“iy 
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An apparatus will now be described in which the heat of evaporation 1s 
determined directly, without any necessity for determining the total heat to the 
boiling point ; in this respect it resembles the second method above described, but 
it is superior to that method in economy of time. 

The principle was to hold the liquid at the boiling point, and then to measure 
the amount vapourised for a given further expenditure of energy. It is evident 
that this can only be done if the radiation losses are of negligible magnitude, and 
to secure this it was found possible to eliminate the radiation entirely by holding 
the surroundings at the same temperature as the liquid. : 

The apparatus is shown in Fig. 2. Its main features are a small double-walled 
vessel to contain the liquid under examination, provided with a condenser tube for 
the final collection of the condensed vapour. This vessel is closed by a pressed 
metal lid whose edge is submerged in a layer of molten tin. A well fitting disc of 
mica rests on the top edge of the double-walled vessel, so that a thermally insulating 
stopper is obtained. Surrounding the double-walled vessel is another thick walled — 
metal enclosure wound with a heating coil, so that it can be maintained at the same 
temperature as the liquid. A shaft carrying a fan passes through the base of this, 
the function of the fan being to keep the air in motion, thereby insuring thermal 
uniformity within the apparatus. The liquid was heated by means of a submerged 
coil until the vapour was just slowly distilling over, and the outer jacket was then 
maintained at this temperature. Equality of temperature was obtained by observing 
the motion of a galvanometer spot in the circuit of a differential thermocouple with 
junctions on the wall and in the liquid. To secure uniformity of temperature, the 
air inside was kept in continual movement, baffle plates being arranged to direct 
its path all round the double-walled vessel. 

Under these conditions, there could be but little radiation from the liquid 
outwards, and the residual effect was allowed for by determining the energy required — 
to produce a very slow rate of evaporation. Hence a careful weighing of the amount 
vapourised per second at two known rates of energy input gave, by difference, 
a value for the heat of evaporation that was probably of a high order of accuracy. 

It is, perhaps, worth while to point out to what extent the plan here employed 
to eliminate radiation losses may introduce uncertainty. 

We have two cylindrical vessels, one inside the other, of radii a and 6 at 
temperatures which are supposed to be equal. Let us suppose, however, that there 
is an actual difference of 1°C. between them. The heat radiated from the inner 
will then be (assuming Stefan’s Law) 


27a X 1-374 x 107! [(8+1)4—64] 
=11 Xx 10°" za@ cals. per sec. per cm. of length. 


Thus, if the energy supply to the liquid is H cals. per sec. and the true latent 
heat L, we shall have 


(H—11 x 10-7063) 


7 ems. 

evaporated per sec. and we shall deduce a latent heat of 

me 2 oe wa [; +11x a 
H—11x 10-7068 Hye 

cals. per gm., which is in error by Dee per cent. 


H 
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To see what this may mean let us take a few typical values. 


a=30 cm. H=12cals. persec. 6=300°K.= 27°C. Error 0-23 per cent. 
=50 watts approx. =500°K.=227°C. ,,  =0-55 s 
2 a pe Be OO KK = 127°C, = L-08 
a=300cm. H=200cals. per sec. 9=300°K.= 27°C. ,, =0-14 ‘a 
—800 watts approx. =500°K.=227°C. ,, =0-33 i 
=700°K.=427°C. ,, =0°65 56 


: The above figures, which take account of radiation only, are merely illustrative, 
since they neglect convection, and, further, assume an emissivity of unity. Never- 
theless, they illustrate the order of the error, as radiation is the important factor 
to be considered at high temperatures. 

: A source of practical difficulty in the manipulation lay in the necessity for 
using a “ tin-seal’’ to close the top of the double-walled vessel. We were unable, 
however, to find any other convenient way of preventing the egress of vapour, so 
that we had to perform the filling of the seal on each occasion when the melting 
point of tin was reached (232°C.). In testing inflammable liquids the vapour was 
apt to take fire on coming into contact with the air in the tube, so that we had to 
have the end of the condenser tube and collect the condensate in an atmosphere of 
nitrogen. 

Our best thanks are due to Mr. A. R. Challoner, of the Observer Statf, for very 
skilful assistance both in the construction of the various forms of apparatus and 
in the taking of observations with them. 


DISCUSSION. 


Mr. C. R. Daruinc referred to the apparatus mentioned in the Paper as having been used 
by Sir William Ramsay and Miss Marshall. He had thought of using a modification of this 
apparatus for the absolute measurement of latent heat, the modification consisting in the use 
of a metal container for the liquid instead of a glass one, while the vapour would be led off by 
a side tube to a condenser. He had found that the temperature of the liquid under measurement 
would differ in such circumstances by only a degree from that of the similar liquid in the surround- 
ing jacket. Did the authors see any serious objection to this proposal ? 

Mr. J. H. BrinkwortH described experiments on the latent heat of steam which he had 
made some years ago, at the suggestion of Prof. Callendar, the water under test being jacketed 
by its own vapour. He had hoped to attain an accuracy of 1/10 per cent., but had concluded 
that the results fell short of this standard in consequence of (1) heat conduction along the leads 
of the heating coil, and (2) priming, or the carrying over of particles of unevaporated water 
with the steam. Had the authors considered these sources of error ? 

Mr. F. E. Surra remarked that the expression “ latent heat of a liquid’ #s an incorrect 
one : it is preferable to speak of the latent heat of a vapour.* An idea which he had once had 
for the accurate determination of J now suggested to him a different method of using the apparatu, 
shown in Fig. 1 of the Paper. If the liquid in the upper container were kept at its boiling points 
assumed constant, its rate of evaporation could be altered by altering the current in the heating 
coil, radiation conditions being unaffected, because the temperature would be unchanged. At 
the same time, by altering the rate of flow of the water in the condensing jacket the temperature 
there could be kept constant, so that the rates of evaporation for two different heating currents 
could be found under precisely the same radiation conditions, and hence the latent heat could 
be calculated. The principal sources of error should, apparently, be capable of being eliminated 


by this process. 
Dr. E. GRIFFITHS, replying to the discussion, said that the apparatus of Ramsay and Marshall 


* Amendments were subsequently made in the Paper to mect this ccsiticism.—EDITOR. 
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was certainly one of the prettiest which had been devised for latent heat determinations and 
was suitable for use in connection with pure liquids. A defect of the apparatus was the error 
due to the evaporation of the liquid in the period of heating up to the boiling point and before 
the electrical energy had been switched on. This, of course, could be overcome by slightly 
modifying the apparatus so as to collect the distillate during the period of the electrical supply. 

It will be remembered that Ramsay and Marshall arranged their apparatus in duplicate 
because at that time methods of measuring heat as electrical energy had not been brought 


to the high degree of perfection that pertains at the present day. It would probably be advisable — 


to measure the heat by observations of the watts dissipated in the coil. As regards the present 
apparatus, the authors had had commercial liquids in mind and in that case the boiling point 
might be rather indefinite owing to impurity or to “‘ cracking.’ One of the present apparatus 
resembled that of Ramsay and Marshall, but had been designed so as to offer the maximum 


thermal resistance to heat conduction between the container and the jacket. 


An unsolved problem in this connection is that of making an effective heat insulating stopper 
which will stand a temperature of 350 to 450°C. In the form of apparatus described by Ramsay 
and Marshall the question of radiation needs consideration ; for example, a platinum thermo- 
meter in vapour of boiling sulphur may register a temperature half a degree less than the true 
temperature on account of radiation and of condensed vapour running down it. 

Priming presents a very serious difficulty, and it is mainly on that account that an accuracy 
of only 1 per cent. is claimed in the present Paper. It should be possible, however, to so modify 
the apparatus that by means of a subsidiary heating coil the vapour coming off is definitely 
superheated and thus any heat required for the evaporation of minute globules would be taken 
account of. This, of course, would necessitate a knowledge of the specific heat of the vapour. 

The President’s suggestion was a valuable one, but apparently errors due to priming would 
not be entirely eliminated by the proposed method of working. 
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ABSTRACT. 


This Paper describes experiments carried out in the steady state of diffusion, by means 
of which the coefficient is measured by the deviation of an incident horizontal pencil of light, 
which traverses the solution under investigation at different depths below its surface. The 
oncentration of the solution varies with the depth from zero to complete saturation, but is 
onstant with the time, and the accuracy in measurement is increased by the employment of 
interference fringes. ‘The coefficient of diffusion, in certain cases, is found to pass through a 
minimum value, in accordance with the expectations of Arrhenius, increasing for more dilute 
olutions towards Nernst’s theoretical limit. In general, the author’s earlier investigations are 
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§ 1. INTRODUCTION. 


6 SS subject of Diffusion in Liquids has hitherto been studied by the author 
by a gravimetric method,* in which flasks of a special design, filled with the 
SOlutions under investigation, were suspended from the arms of a delicate balance, 


* See Clack: ‘‘ On the Coefficient of Diffusion,’’ Proc. Phys. Soc. Lond., Vol. 21, p. 863, 
{1908). “ On the Temperature Coefficient of Diffusion,” Proc. Phys. Soc. ene Vol. 24, p. 40 
(1911). “On Diffusion in Dilute Solutions,’ Proc. Phys. Soc. Lond., Vol. 27, p. 56 (1914). 
* On Diffusion in Liquids,’ Proc. Phys. Soc. Lond., Vol. 29, p. 49 (1916) . “On Diffusion in 
Saturated Solutions,’ Proc. Phys. Soc. Lond., Vol. 33, p. 259 (1921). ‘‘ A Research on Diffusion 


in Liquids,” Ph.D. Thesis (1922). 
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so as to hang immersed in a large bath of distilled water ‘maintained at various 
constant temperatures by means of a thermostat. It has been shown that the 
value of the diffusivity of the solutions can be obtained from the final steady rate 
at which the flasks changed their weight. Although satisfactory and consistent 
results have been obtained by this method, yet it suffers from three defects :— 


(1) The accuracy diminishes at low concentrations, and errors of 5 per tent 
or more may be-found for weak solutions. 
(2) The value of the coefficient obtained is a kind of mean value over a range 
of concentration. 
The author has shown that it is possible, since the steady state of diffusior 
has always been employed, to deduce theoretically from these “ mean ”’ diffusivities 
the actual value of the coefficient at any definite concentration (loc. cit., 1916, 1921 
1922), yet it would appear more desirable to obtain this quantity ‘by direct experi 
ment. ‘ 


(3) A large number of separate experiments are necessary in order to study 
the phenomena over the whole range of concentration from very dilute solution 


BiGeuds 


up to complete saturation. This necessitates a very large expenditure of time i 
order to complete the investigation of each salt. 

The object of the present Paper is to describe an optical method by which thes 
defects are avoided, and in which the results, obtained in the steady state, give af 
once the coefficient of diffusion at any definite concentration directly ; and in whic 
all concentrations of the aqueous solution of the salt under examination are in: 
vestigated in a single experiment, so that a considerable economy in time is effected 

The experimental values obtained by this optical method are then to be com 
pared with those indirectly computed from the earlier investigations. 


§ 2. THEORY. 
Consider a uniform vertical tube, XY (Fig. 1) initially filled with a saturate 


eee of the salt under investigation, and so arranged, by methods to be explainet 
ater, that its upper end may be maintained in contact with either pure water, of 
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ternatively, a solution of constant and very feeble concentration ; and further 
t it be assumed that the lower end of the tube is simultaneously kept in contact 
ith a saturated solution of the salt to be examined, by providing it with a shallow 
mpartment, AB, which contains crystals of the salt. 

Under these conditions the author has shown (Proc. Phys. Soc. Lond., Vol. 29 
| 51, 1916) that in a diffusion tube of unit cross-section, if 


nm=concentration of the solution in gms. /c.c. at a point /cm. below the top of 
the diffusion tube, when the steady state has been reached. 


_ d=density of the solution at the same point. 


_~ i=change in mass of cell-contents per second when the steady state has been 
reached. 

6=ratio of the mass of water which enters the top of the diffusion tube to the 
mass of salt c, leaving it per second, when the steady state has been 
attained. 


| K,=coefficient of diffusion of a solution of concentration 1. 


Then K,=(t/(1—6)] [dl/dn] [(d—n-+no)/(d@—m)] . . . ~~... (I) 
| , for a diffusion tube of cross-section A sq. cm. 
K,=[t/(1—6)A] [di/du] (du san) [((d—n-+n6) |(d—n)] eon sh, Ud) 


vhere yw represents the refractive index of the solution at a point / cm. below the 
yp of the tube, for light of wave-length 4. Moreover it has been shown (Proc. 
*hys. Soc. Lond., Vol. 33, p. 262, 1921) that d can be determined from the known 
alues of the concentration and density of the saturated solution, and the density 
f the salt crystals ; so that the coefficient of diffusion A, at any definite concen- 
-ation n can be determined by means of equation (2), from a knowledge of the four 
uantities included in the square brackets, VIZ. = 

A. The change, 7, in the mass of the contents of the cell per second when the 
teady state has been reached. 

B. The rate of change of the refractive index y of the solution with the distance 
down the tube, in the steady state of diffusion. 

C. The rate of change of the refractive index u with the concentration 7, for the 
arious salt solutions investigated. 

D. The density 7, and the concentration ”, at any point / cm, down the tube, 
hen the steady state has been reache:l. 

The methods employed in the determination of these four factors are discussed 
spectively in the corresponding sections A, B, C, D, following—viz., §§ 4, 5, 8 and 9. 


§ 3. THE DIFFUSION CELL. 


The diffusion cell, represented diagrammatically in Fig. 1, contains a diffusion 
ube XY, which has a height of 5-04 cm., and is rectangular in cross-section, having 
width of 1-0025 cm. in the plane of the diagram (Fig. 1), and a depth of 4-21 cm. 
t right angles to this plane. It is made of glass plates cemented together with zinc 
side and water-glass cement, and is fitted at its lower end into a shallow glass box 
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AB, about 4cm. square, and lcm. high. The whole of this apparatus is filled wit 
air-free saturated solution, and the concentration of the solution at the lower en 
of the rectangular diffusion tube is maintained constantly at complete saturation 
by supplying the shallow box AB, with crystals of the salt under test. 


Preliminary Series. 

Ina preliminary series of experiments, the diffusion cell, filled as described above, 
was suspended from one arm of a balance by a fine platinum wire, so as to hang 
immersed in a large tank containing 30 litres of distilled water which was maintaine 
at a constant temperature by thermostatic means, and observations were made of the 
weight of the cell every day. The volume of water in the tank was so large tha 
the concentration at the upper end of the diffusion tube may be considered to b 
always zero, and under these conditions diffusion proceeds, and after about 12 days 
a steady state is reached, in which the cell decreases in weight by the same amoun 
every day, so that, if i, be the rate of change in the mass of the cell-contents unde 


Front Elevation 
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a ee mentioned, 7, becomes constant, having the values included i 
able I. 

Further particulars of these preliminary experiments will be found in Prog 
Phys. Soc. Lond., Vol. 33, p. 263 (1921), and their application to the present inves 
gation will be explained in the paragraph, § 4. 


Mazin Series of Experiments. 


In the main series of optical experiments to be described in the present Paper 
however, the use of a large tank was attended with difficulties, and the steady 
State was accordingly brought about in a different manner, which necessitated the 
following modification in the construction of the cell. 

The same diffusion cell was employed, but the shallow glass box AB (Fig. 
was extended upwards as suggested in Figs. 24 and 2B, so as to enclose the diffusior 
tube XY on both sides, and to rise about 1cm. above the top of it. The glas 
plates X and Y, which form the sides of the diffusion tube extend completely fror 
the front to the back of the cell (see Fig. 2c), but, as will be seen indicated in Figs. 2. 
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ad 2B, they do not reach quite to the top or to the bottom of the external cell ABCD. 

_ + The outer parts of the cell, between the plate X and the wall AD (Figs. 2a, 2B), 
d between the plate Y and the wall BC, are filled with distilled water, which also 

ses about 5 mm. above the top of the diffusion tube XY, and a slow steady current 
distilled water of about 50 c.c. per day is maintained through the cell, as indicated 

y the arrows in Fig. 2p. 

In about 12 days after the flow has been commenced, the approximately steady 


ate is reached, in which the water-current removes the salt as fast as it diffuses up 

space between the plates X and Y, and the concentration of the solution at the 
p reaches a constant calculable value, only slightly greater than zero, and the con- 
ntration at each point of the tube XY continues constant in time, remaining 


Fic. 3. 


iways saturated at the bottom by reason of the presence of the salt crystals in the 
mpartment AB. 

The arrangements for producing the slow constant flow of water over the top 
the diffusion tube XY are suggested in Fig. 3. A reservoir, E, contains mercury 
hich must be replenished every day), which flows through a fine capillary tube, JF ’ 

ut 1 metre long, falling in tiny droplets into the constant-level reservoir G. This 


; 
f 


i 


gil 


MN 
#} }! 


a 


i) 


ae 


318 Dr. B. W. Clack on 


is also provided with another long fine capillary tube H, on emerging from which the 
mercury again breaks up into very fine droplets, which fall into the bottle M con 
taining about 2 litres of distilled water, at a very regular rate of about one drople 
per second. This flow of mercury displaces the water in M, which passes by mean; 
of asyphon 0 into the diffusion cell ABCD, being removed by a second syphon P an¢ 
the constant-level exist Q. ie 

In this way a current of water equal to about 50 c.c. per day can be maintainec 
through the cell for many days without appreciable variation, if care is taken t¢ 
clean the mercury carefully before use. This method of producing a steady flow has 
previously been used and found satisfactory by Prof. A. Griffiths, J. M. Dickson, an¢ 
Mrs. Griffiths (Proc. Phys. Soc. Lond., Vol. 28, p. 73, 1915). . 

The whole of the apparatus was set up in a small thermostat room in the base: 
ment of the College, whose temperature could be kept constant to within a fey 
tenths of a degree by means of a small gas stove regulated by a toluene thermostat 
bulb. The temperature throughout the research was maintained near 18-5°C. — 


: 
: 


SECTION A, 
§ 4. DETERMINATION OF THE STEADY RATE OF CHANGE, 7, IN THE MAss OF THE 
CONTENTS OF THE CELL. 


In the preliminary series of experiments already referred to in § 3 the rate of 
change in the mass of the cell-contents when the steady state had been attained, 
was directly determined by the balance. But it must be noted that the values of 
7, thus found and tabulated in Table I. (p. 319) were obtained under conditions slightly 
different from those which hold in the main series of experiments in the present 
investigation. Under the earlier conditions, in which the large tank was used, the 
concentration-difference between the ends of the diffusion tube was taken as N, the 
concentration of the saturated solution at the bottom of the tube, since it was 
assumed that the liquid at the top of the tube had a zero concentration. Now, 
under the later conditions of experiment, the concentration-difference is rather 
less, viz., N—N 9, where Ny denotes the value, only slightly greater than zero, of the 
concentration of the solution at the top of the diffusion tube, when the steady state 
has been attained in the experiments involving the water-flow. 

If ¢ denotes the rate of change in the mass of the contents of the cell in the main 
investigation—i.e., in the flow experiments, 


i=19X(N-NQjNo . = . . 2 


Hence 2 can be determined from the values of 7, obtained in the preliminary gravi- 
metric experiments if Ng is known. 

Now the mass of salt emerging from the top of the diffusion tube per unit of 
time, when the steady state has been reached, is carried away by the water-current 
passing through the cell, and as the space occupied by the solution above the top 
of the diffusion tube is small, the concentration of the very dilute solution leaving 
the cell at P (Figs. 28 and 3) may be assumed to give an approximation to the value 
of Ny. In order to avoid confusion, let us use the symbol N’ for the concentration of 
the outflowing-solution, and assume that N’ is, under the experimental conditions 
employed, a sufficiently close approximation to the value of N, the concentration 
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hf the liquid at the top of the diffusion tube. Then N’ can be obtained by direct 
‘themical analysis of the solution flowing out of the cell. For example, in the case 
f the chlorides, using a few drops of potassium chromate as indicator, the solution 
was titrated against deci-normal silver nitrate with the results included in Table I. 
elow. 

In other cases the value of N’ was estimated by the evaporation of a known 
olume of the liquid collected at the exit-tube Q (Fig. 3) in a platinum dish over a 
vater-bath at 100°C:, the residue being then dried in a vacuum desiccator and 
weighed. 

There is, however, no need to make a direct analysis, in order to obtain the 
foncentration N’ of the solution flowing out of the cell, and the author has preferred 
mother method of finding its value, which does not require the special experience 
iecessary for exact results in chemical analysis, and he regards the analyses as 
wroviding a check on the accuracy of this method. The value of N’ has accordingly 
yeen obtained from the results of the preliminary gravimetric experiments in which 
1e large tank was used in the following manner :— 

Let g=constant volume of dilute solution flowing out of the cell per unit of 
lime. 

Then in the steady state 


N’q=c=1/(1—0) ee ee ee ae 
br, to a sufficiently close approximation 
Ny=ig(N —N,)/(1 —0) 9. 


The values of the concentrations N, thus obtained are given below, and from 
hese figures the rate of change 7 in the mass of the contents of the cell per unit. of 
‘ime is calculated by means of Equation 3. The summarised results are collected 
Table I. 


TABLE I. 
Salt. KSC Na Cl. K NO, 
Mev ems./c.c. ... Kae Bae eae 0:29956 0-31813 0-26001 
NT gins. /C.c; ... a sok at 0:00626 000546 , an 
No gis. /c.c.... tie state ie 0:00619 0-00543 0-00376 
t gms./day... zat ae ee 0-1652 0-1460 Te 0-1099 
Zo gms. /day... bes i she 0-1687 0-1486 0-1115 
q c.c./day ... 56 52 57 
f 5 ac 0-5236 0-4827 0-4878 


| It may be observed that the values of 7 given above have been deduced by 

e aid of Equation.3, and not from Equation 4, because the results obtained from 
he latter equation are found to be liable to greater inconsistency. It should be 
oted that N, is small, and an inspection of Equation 3 will show that relatively 
rge errors in the estimation of its value will produce negligible effects in the value 
btained for i; in fact, it is only necessary to know Ny with any considerable ac- 
racy when it is required to find the coefficient of diffusion for extremely weak 


olutions. 
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SECTION B. 


§ 5. DETERMINATION OF [du/dl}. 


In order to find the value of [du/dl],i.e., the rate at which the refractive inde3 
of the solution changes as we pass down the cell, a horizontal pencil of light is passe¢ 
through the cell from back to front so as to traverse the 4°21 cm. depth of the solutior 
between the glass plates X and Y at right angles to the plane of the Figs. 2B and 3 
The beam emerges from the front of the cell deviated from its original incident 
horizontal path through an angle a, which varies with the distance / of the pointfo 
incidence of the incident ray from the top of the diffusion tube. As the incident 
pencil is allowed to fall upon the back of the cell at different depths below the surface 
of the liquid, the resulting angle of emergence a, measured from the horizontal 
is observed, and from these values of a for different values of / it is possible to deter 
mine the quantity dy/di. Consider the passage of a ray of light AB (Fig. 4), incident 
horizontally at A on a glass cell filled with the aqueous solution of a salt whos 
concentration is maintained at complete saturation at the bottom of the cell, an¢ 


jeven fb 


at approximately zero concentration at the top, as in the experiments carried ow 
in this investigation. After sufficient time has elapsed and the steady state o 
concentration has been established in the cell, the concentration at each depth wil 
remain constant, and under these circumstances the path of the ray through the cel 
is readily investigated, and it can be shown that jz9=/u cos @, where jis the refrac 
tive index of the solution at A, and w and @ refer to any point on the ray whose 
co-ordinates are x and y. (See Fig. 4.) 

If we take the origin O at such a point that =p'y, where yw’ =du/di=constan 
over the smail range of concentration traversed by the ray AB, then 


dy /dx=tan Q=V 12 — 1? 6] o=V P—P alo, 


whence y=y, cosh x/yp, 


so that the path of the ray is a catenary. 
Considering the refraction through the glass at B, it can be shown that sin | 
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=p'y, sinh ¢/yy=y’t approximately, where ¢ indicates: the thickness of the cell 
traversed by the ray—i.e., 4°21 cm. Whence 
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§ 6. OpticAL ARRANGEMENTS. 


The diagram (Fig. 5), which is a side elevation of the apparatus, gives a gencral 
idea of the optical arrangements employed. The quartz mercury arc A is focused 
by means of a lens L,and a plane mirror M,so as to illuminate the horizontal slit Sy 
of the Hilger constant deviation spectroscope L,PL,, which is set up so that the axis 
of rotation of the prism is horizontal. The dispersed images of the slit S, are focused 
by the lens Z, on to a screen S,, and the green mercury line (A=5461) is arranged to 


Fic. 5. 


fall on a very fine horizontal slit contained in this screen, the other radiations being 
as diverging from the slit Sy, is incident on a lens Ly of focal 
length about 1 metre and aperture 12 cm., placed at a distance equal to its focal 
length from the slit S». The emergent parallel beam, after traversing the ee 
cell C (Fig. 5) in a direction at right angles to the plane of the paper 1n oe 2B and 3, 
and is converged by a lens L ; of similar focal length and aperture, on to the ones 
E. fitted with fine cross-wires at 45° to the horizontal and capable of being ee 

in a vertical direction by the screw S of 1 mm. pitch, whose head is ee into 
100 parts. In order to allow the light to be passed through the cell at different 
depths below the surface, another screen B, containing a suitably arranged ee 
D, is placed in the position shown, and is capable of movement in a vertica P es 
by means of a rack and pinion R, anda flexible shatting which can pe rotated ry e 
knob K, operated by the observer at the eyepiece. This screen 1s provided with a 
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scale and vernier, by means of which it is possible to ascertain the depth / below the 
upper end of the diffusion tube, of the incident ray of light which passes. through. the 
aperture D. A narrow horizontal slit could not be utilised for the aperture D, as 


“it was found that owing to diffraction effects no definite image could be observed 


in the eyepiece with such an aperture. On widening the slit at D it was found that 
a sufficiently sharp image of the slit S, could only be obtained when the vertical 
width of the aperture D was 6 mm. or more ; but even then only when the cell was 


‘filled with a solution of uniform density. Under the conditions of the diffusion 
experiment, the variation of the refractive index of the solution within the range 
of depth of 6 mm., when the steady state had been reached, was again sufficient 
“to destroy all sharpness in the image observed. It was accordingly decided to use 
‘for the aperture D two narrow horizontal slits close together, thus producing hori- 


zontal interference fringes which can be observed in the eyepiece EF. 
But to measure the angle of emergence a (Fig. 4) it is necessary always to record 
the position of the same fringe in the eyepiece by means of the screw S. It is not 


possible in the present case to identify a particular fringe by employing the common 
. device of making observations on the achromatic fringe in white light, for as the 


aperture D is lowered from the position J=0 to /=5 cm. the achromatic fringe 
moves rapidly upwards, moving relatively to the interference fringes, which remain 
almost stationary. The achromatic fringe and the aperture D always lie on 


_ opposite sides of the optic axis of the lens L; (Fig. 5), and the ratio of their distances. 


{rom it appears to be approximately constant. 

Owing to this great relative movement between the interference fringes 
observed in white light, and the achromatic fringe, when the aperture D (Fig. 5) 
was moved in a vertical plane, it was found to be inconvenient to attempt to identify 
a particular fringe by means of the position of the achromatic fringe, and this 
method, was not proceeded with. It was finally decided to make the width of the 
two horizontal slits in the screen B (Fig. 5) and their distance apart of such magni- 
tudes as to produce only a very limited number of green mercury fringes visible in 
the eyepiece, when it is not difficult to select always the same fringe for observation. 

The slits were made by removing the silver deposited on a plate of glass by 
means of a special chisel ground for the purpose from a hack-saw blade, and from a 
number of pairs of slits thus produced those were selected for the research which 
appeared on trial to give the best and clearest fringes. 

Most of the experiments to be described were made using two slits each about. 
#mm. wide and about 1:3mm. apart between corresponding points. As is well 
known, the field in the eyepiece will be crossed by two sets of lines—the interference 
fringes, in the same position as those due to two point sources at a distance 1-3 mm. 
apart, and the diffraction fringes due to each aperture, and the resulting intensity 


~ in the field of view is such that, with the dimensions given above, only 9 well- 


separated fringes could be seen in the eyepiece. (See, for example, Wood’s Physical 
Optics, ‘p. 202.) If the slits are put closer together, the interference fringes are 
proportionally coarser, and therefore less accurate as fiducial marks. If further 
apart, the fringes are finer, but not so satisfactory on account of the greater length 
of the element of the diffusion tube experimented upon, Similarly, the width of 
each slit affects the total number of lines visible, and compromise is necessary. 
The result of actual trial led to the selection of the slits mentioned as most satis- 
factory. The position of the central fringe of the nine visible in the eyepiece ‘was 
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always recorded as the fiducial mark, the method of procedure being as recorded. 
in the next paragraph. There was never any difficulty in deciding. which was the 
central fringe, and only quite ordinary care was necessary. 


§7. DETERMINATION OF h. 


Commence with the aperture D in the screen B (Fig. 5) as high as possible 

and slowly lower it by the knob K. At a certain position the fringes suddenly 
appear in the eyepiece. The reading on the scale attached to B is taken to the 
nearest ;’g mm.; the cross-wires in the eyepice are set on the central fringe of the: 
nine in the field of view, and the reading of the screw S is taken to the nearest 
zoomm. The knob K is then turned, lowering the aperture D, until a counted! 
number of fringes (say, three) cross the intersection of the cross-wires, say, upwards. . 
The eyepiece is then raised by the screw S so that the cross-wire passes over the~ 
three fringes referred to, and is set once more on the central fringe. New readings 
are taken of the scale reading on B and of the screw S. This process ‘is- 
repeated until the aperture D reaches the bottom of the cell, and the fringes - 
disappear. 
_ By these means we procure that the eyepiece is successively raised by equal! 
amounts (three fringe-widths), and when in each of its positions, the aperture D’ 
is moved by such an amount as to cause the fiducial fringe to coincide again with the 
cross-wire of the eyepiece. The necessary successive alterations of the position of 
D will not, in general, be equal. It may be mentioned that as the aperture D is 
‘lowered in the manner just described, it is found that the interference fringes seen 
in the eyepiece move continually upwards in the cases of solutions of KCl and 
NaCl in the steady state of diffusion ; i.e., as 7 increases from zero to 5cm., the 
angle a continually decreases in magnitude in the cases of these solutions. In the 
case of solutions of K NOs, however, the movement is less simple—as the aperture D' 
moves downwards from the value /=0 to about J/=4cm. the angle a increases ini 
magnitude. From /=—4 to /=5cm. the value of a remains approximately constant, 
or even slightly decreases. The whole movement in the case of K NO, is much less 
than that observed in solutions of NaCl or KCl (see Fig. 6). After readings have 
been taken in the manner described above for several days, and the substantial 
agreement observed satisfies us that the steady state has been attained with suffi- 
cient approximation (this occurs about 12-14 days after commencing the water-flow 
in the apparatus used in this investigation), the cell is repeatedly washed out with 
distilled water, so as to remove all trace of salt, without, however, disturbing in 
the least the position of the cell. Similar readings are then taken with the cell full 
of distilled water, in order to obtain the zero position of the eyepiece. That is to 
say, the aperture D is lowered as before and corresponding readings are tabulated 
of its position and of that of the eyepiece. During the whole 5 cm. range of move- 
ment of the aperture D the eyepiece will now only require to be moved quite a small 
amount, due to the want of optical perfection in the cellitself. Thus the zero position 
of the central fringe seen in the field of view of the eyepiece is not perfectly constant, 
but depends slightly on the value of /, that is, on the part of the cell traversed by 
the ray. 

The difference between the position of the eyepiece during the main experiment: 
and its zero position taken as just described will give the quantity represented by h,. 
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give du in terms of the green mercury light used in the experiments already 


324 Dr. B. W. Clack on 


such that tan a=//F, where F is the focal length of the lens L; (Fig. 5), and hene 
approximately from Equation 5, 


dpjdt=hlF Xt "2" a 


where ¢ is the thickness of the liquid traversed by the ray, and is equal to 4-21 cm. 
and (du/dl) represents the rate at which the refractive index of the solution for gree: 
mercury light changes as we pass down the diffusion tube. 

Hence the determination of (du/dl) merely involves a measurement of /, the 
position of the eyepiece in the focal plane of the lens L, (Fig. 5). 

In order to economise space, the complete records are not tabulated for all th 
experiments performed, but the results of the investigations made on solutions 0 
NaCl are given graphically in Curves 1 and 2, Fig. 6; Curves 3 and 4 show the 
results of observations made on KCl; and Curves 5 and 6 indicate the results of 
experiments performed on K NOs. 

From these graphs (Fig. 6) the following tables can be constructed, giving the 
mean values of / from the experimental observations on the salts referred to, when 
the steady state of diffusion has been attained. 


TABLE II. 


NaCl. | KC: | KNOs,. 

l hy hs | hs | Ney | hs hg 
0-0 4-650 | 4:571- | 3-590 3-560 | 1-620 1-638 
Ol | 4-618 4-535 3-553 3-514 | 1-628 1-645 
0-2 4-582 4-507 | 3-518 | 3-479 | 1-638 1-655 
0-5 4-480 4405 | 3-410 2376" a 1-656 1-675 
1-0 4-316 4-243 | 3-242 | 3-220 | 1-688 | 1-714 
1:5 -|- 4-153 4090 || 309T] 3085 || 1-719 | 1-752 
2-0 «| 4-001 3-948 | 2-957 2-966 1-756 | 1-793 
2-5 | 3-860 3-812 2-840 2-854 | 1:796 1-838 
3-0 | 3-738 3-693 | 2.729 4 2747 | 1-837 1-881 
3-5 | 3-630 3-600 || 2-616 2-645 1-883 1-931 
4-0 3-539 3-530 2-521 2-550 | 1-928 1-975 
45 | 3-461 3-480 2-442 2-462 | 1-963 1-990 
5-0 | 8-405 3-447 2-380 2385 | 1-958 1-970 


' 
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(Note..—h,, hy, &c., refer to the corresponding number of the Graph Fig. 


SECTION: €. 
§8. DETERMINATION OF [dy/dn}. 


The third quantity whose value is necessary in order to determine the Coefficienl} 
of Diffusion is the rate of variation of the refractive index of the solution witl} 
respect to its concentration. This was studied by means of an interferometer © 
the type due to Lord Rayleigh (Proc. Roy. Soc., Vol. 59, p. 202, 1896). 

The method of procedure was to place successively in the Hilger double celt 
number of pairs of solutions of known and slightly different concentration, dn, and 
to measure the difference du in their refractive index. 

The author hopes to submit to the Physical Society a further Paper on thi#j 
work, and on the corrections involved in the interpretation of the results, so as tl 


1 
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escribed in this Paper, and contents himself at present in giving a summary of 


nese results in Table III. 
TABLE III 


Mean. 
ny Ny n dy./dn 
NaCl 0-2500 0-2273 | 0-239 01396 
| 0-1667 0-1488 0-158 0-1473 
| 0-1250 0: 1042 | O15 0-1522 
| 0:0625 0-04.46 | 0-053 0- 1596 
06-0250 0-0125 | 0-019 0-1682 
0-0125 0-0000 0-006 0-1753 
KCl 0-2500 0-2273 0-239 0-111] 
0-1667 | 0-1488 0-158 0-1153 
0-1250 0-1042 0-115 0-1189 
0-0625 0-04.46 . 0-053 01243 | 
0-0250 0:0000 0-0125 0-1322 
0-0125 0-0000 | 0-006 01369 
KNO,; 0-2500 0:2273 / 0-239 0-08090 
0-1667 | 0-1389 | 0-153 / 008200 
0-1250 0:0893 0-107 | 0-08387 
0-0625 0-0312 | 0-047 | 0-08761 
0-0312 | 0-000 0-0156 0-09208 
0-025 | 0-000 0-0125 | 0:09255 


These figures Bre plotted graphically on the curves of Fig. 7. 
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SECTION D. 


§9. DETERMINATION OF THE CONCENTRATION AT ANY POINT OF THE TUBE. 


nee ieee 


As will be observed from Table III.,du/dn is not constant for different values 


-of », and in order to find what value of it should be employed, as well as to estimate 
the factor (d—n-+n6)/(d—n), both of which quantities appear in Equation 2 as 
required in the calculation of the Coefficient of Diffusion, it is necessary to ascertain 


: te gee a 


ia 


0 0-10 0-20 030 
Concentration 7 gms./C.c. —> 


JERE Tf 
the concentration, 7, when the steady state has been attained, of the solution at 


any point, l, selected in the diffusion tube. This distribution of concentration 
may be obtained by the following method :— 


K,=c[(d—n-4n6)/(d—n)] (dl/du] [dujan] =. 2 2. . (2) 


Now [du/di] has been found experimentally for different values of J. (See 
Equation 5a, also Table II. and Graph Fig. 6.) 


The function [dy/dl] is plotted against / as abscissa, and the total area of the 


<2 0 AY RENE PRY “SR a A REE RAEN OA Ms 


Diffusion in Liquids. 327° 


eurve between the ordinates at the origin and at L is measured, where L denotes 
the total length of the diffusion tube. 


- Now, e woe 

ats | (ayladal= x —H, on he west eck “epeubecae eee! 
here #yis the refractive index of the saturated solution present at the bottom ot’ 
‘he tube, at the point where /=L ; and LUN, that of the very dilute solution at the 
cop of the tube, where /=0. But juy and six, can be found from the results of the 
researches of Bender (Wied. Ann., 1890-1892) and Wagner (‘‘ On the Dipping 
Refractometer”) published in Landolt and Bérnstein’s Tables, interpolation for 
the green mercury line 15,461 being made by means of Cauchy’s Formula. Thus 
we ‘obtain :— 


Ka NaCl | K'NO, 
uy =1-3604 | 1-3823 | 1-3568 
ux, = 13354 | 1-3355 | 1-3352 


Hence Equation 6 serves as a means of checking the accuracy of the graph, 
dit was found that a small difference existed between the total area of the curve 
tween the limits mentioned, and the value of (uy—py,) given above. The exact 
method of applying a correction is necessarily somewhat uncertain, but this is not 
aserious matter, as the amount involved is small (one or two-tenths of 1 per cent.), 
and, from considerations of the method employed in the experimental measurements 
‘of [dy/di], it was decided that it would be most reasonable to amend all the ordinates 
‘by a constant amount. 

The area of the corrected graph was then found between the zero ordinate 
and that at various selected values of the abscissa /. 
Thus was determined graphically the value of the integral ts: 


ye 
DONE) amt SEN, Ret ete ee Vin y gammy 
where ju, represents the refractive index of the solution of concentration ” present 
in the diffusion tube at a point / cm. from the top of the tube. 

Knowing uy,, we thus find , in terms of /. 


TABLE IV. 

KCL | | Nacl. K NO, 
lems Un en Ln 
0-0 1:3354 1-3356 1:3352. 
0-1 11-3362) 1:3367 | 1-3357 
0-2 1:3371 ta 1:3378 1:3360 
0-5 1:3395 1:3410 | 1:3371 
1-0 13435 1°3462 1:3391 
1-5 1-3472 1:3513 1-3412 
2-0 | .. 1-3508 _ . 1:3562_ | | 1:3432. 
2-5 1:3542 1:3608 1-3454 
3-0 1-3575 1-3654 1-3476 
3-5 1:3606 1:3698 | 1-3498 
4-0 1:3636 1:3740 | 1:3521 
4°5 1:3666 1:3782 | 1-3545 

5-0 1-3694 1:3823 1/3568 
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Again, [du/dn| has been experimentally determined by the interferometer for. — 
various values of 7. (Sce Table III. and Graphs Fig. 7.) a 

The function [dj/dv] is plotted against m as abscissa, and the total area of this 
curve is measured, between the ordinates at the origin, and at N, where N, as before, 
denotes the concentration of the saturated solution. 


a Now, 


. . 
Hh | (dujdn)\in=)x— hs ee ee (8) 
aM 0 

Ch 


where jz, represents the refractive index of pure water at 18°C. for light of wavelength | 
A=5,461 A. 
The total area of the curve between these ordinates is therefore known, and | 


if necessary a small correction can be applied, as before, to the observed graph in 
order to satisfy Equation 8 exactly. This correction was always small, and again 
vill a consideration of the method employed in the measurement of [du/dn] indicates — 
«mi that the correction should probably be a constant one for all the ordinates. The — 
area of the corrected graph was then found between the zero ordinate and that at 
Bi selected values of the abscissa 1. 


Thus the integral q 


-1 


Bel [ (dujdn) dn= ty — (ta 2 SS 


was found, and hence, knowing w,,, we are able to express yw, in terms of ”. The- 
‘iy results of this calculation is given in Table V. 


TABLE \ 
My oe = : Bae — — — ~ 
ISOM NaCl. K NO,. 

i‘ Un Un Un 
ah 0 1:3346 1:3346 1-3348 
0-025 1-3379 1:3389 1-3372 
0-05 1:3410 1-3430 1-3394 
0-10 1-3471 1:3509 1-3437 
0-15 1-3529 1:3585 1-3478 
0-20 1-3585 1:3658 1-3519 

0:25 1-364] 1-3729 % 
0:2600 as ae 1:3568 

0-2995 13694. J 
0-318] “s 1-3893 : 


ee e re es the values of (Up, the refractive index of the solution at 
te ee in the tube, deduced from Equation 7, in terms of /; and we have 
Table . - My terms of n from Equation 9, and have expressed the results in 

2 V3 us, by interpolation of the values given in Table IV., between those 
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wn in Table V., we are able to determine the concentration at any selected point 
nthe tube. Some results are given below. 


TABLE VI. 

OEE NaCl. K NO. 
i em. nm gms. /C.¢. nm gms. /c.c. nm gms. /c.c. 
2K) 0-0060 0-0056 0-0038 
O-1 0-0126 0-0120 0-0080 
2 0-0187 0-0184 0-0121 
0-5 0:0380 0-0378 0:0248 
1:0 0-0701 0-0705 | 0-0471 
1-5 0-1012 0-1026 0:0708 
2-0 0-1319 0-1346 0-0952 
EI 0-1616 0-1660 0-1207 
3°0 0-1906 0:1968 0-1470 
3°5 0-2188 0-2276 0-1744 
4:0 0-2462 0-2579 0-2025 
4:5 0-2731 0-2882 | 0-2312 
5-0 0-2995 0:3181 | 0-2600 


§10. RESULTS FOR Ky. 
Kn=[1/(1—0)A] [Ft/h] (du/dn] [(d—n--nd) |(d—n)] . . From Eq. 2-and 5a. 
We are now in a position to find the value of K,, the coefficient of diffusion at 


2 concentration 1, from a knowledge of the four quantities enclosed in the square 
rackets, viz. :— 


A. The rate of change in the weight of the cell contents. (See § 4.) 

B. The deviation of the ray in passing through the cell. (See §§ 5-7.) 

C. The value of [du/dn] obtained by the interferometer. (See § 8.) 

D. The distribution of concentration down the diffusion tube. (See §9.) 
The results of the calculations indicated above are summarised in Tables VII., 
VIII., IX. following :— 


ABT VLE. 


NaCl. 
y | n Normality | K,x10C.G.S. | K,x 10°C.G.S. 
em. gms. /c.c. gm.-eq. /lit. Curve 1, Fig. 6. | Curve 2, Fig. 6. 
0 0-0055 0-095 1-237 1-247 
Oi...) 0-0120 0-20 1-219 1-232 
{ 0-2 0-018] _ 031 1-205 1-218 
0-5 0-0376 0-65 1-203 1-216 
1:0 0-0705 1-20 1-230 1-242 
1-5 0-1027 1-75 1-268 1-277 
2-0 0:1346 2-30 1-307 1-312 
2-5 0-1660 2-84 1-344 1-352 
i 3:0 0-1968 3°36 1-379 1-387 
3-5 0-2276 3:89 1-416 1-418 
4:0 0-2579 4-41 1-451 1-444 
4-5 0-2883 4-93 1-484 1-466 
| 5-0 0-318] 5-44 1-511 1-485 
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Yasue VIII. 


K Ch. 
eee 
Y n Normality K, X10'C.G.S. | Ae le C.G.5. 
em. gms. /c,c. gm.-eq. /lit. Curve 3, Fig. 6. | Curve 4, Fig 6. 
+i 0 0-0060 0-080 1-526 1-539 
0-1 0-0126 0-17 1-496 1-513 
0-2 0-0187 0-25 1-488 1-504 
0-5 0-0380 0-51 1-508 1-523 
1-0 0-0701 0-94 1-564 1-575 
1-5 0-101 1-36 1-633 1-636 
2-0 0-132 1:77 1-701 1-696 
2-5 0-162 2-17 1:770 1-761 
3-0 0-190 2-56 1-848 1:831 
3-5 0-219 2-94. 1-930 1-908 
4-0 0-246 3-30 2-004 1-982 
4:5 0-273 3-67 2-076 2-059 
5-0 0-300 4-02 2-131 2-127 
th ! 
PNM 
Ki TABLE IX. 
KNO,. 
l n Normality Be SOIGUC Gas. | KSA C.GS . 
ih cm. gms. /e.c. gm.-eq. /lit. Curve 5, Fig. 6. | Curve 6, Fig. 6. | | 
| : 
sll | 0 0:0038 0-04 1-464 | 1-451 
a | 0-1 0:0080 | 0-08 1-446 | 1-432 
i 0-2 0-0121 0-12 1-425 1-411 
0-5 0-0248 ° 0-25 1:381 1-367 
uaitit 1-0 0-0471 | 0-47 1-327 1-308 
Pe 1-5 0-0708 0-70 1-289 1-266 
ahi) 2-0 0-0952 0-94 1-256 | 1-231 
i 2-5 0-121 1:19 1-227 1-200 
= ay 3-0 0-147 1:45 1-205 1-178 
3-5 ur174 1:73 1-184 1-155 
4:0 0-202 2-00 1-168 1-140 
4:5 0-231 2-29 1/161 1-147 
5-0 0-260 2-58 1-181 1-174 


The results tabulated above are marked in accordance with the experimental 
curve in Fig. 6, from which they were respectively deduced, and are plotted graphi- ' 


cally in Fig. 8, where they are represented by crosses + or X, corresponding to the © 
curves similarly marked in Fig. 6. 


The points shown in triangles A are those obtained from the results of the 
author’s previous researches, mentioned in the footnote in §1. The other points 
indicated in Fig. 8 are explained in the next paragraph, §11. From the graphs 
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: 8 the following table can be constructed, giving a summary of all the 
fesults -— ‘ 


TABLE X. 
Normality ESCIE Na Cl. K NOs. 
gm.,-eq. /lit. KnxX 10°C.G.8. K,X 10°C.G.S. K,, x 10°C.G.S. 
0-05 1:55 1-26 | 1-45 
0-1 152 1-24 1-43 
0-2 1-50 1-22 1:39 
0-4 1:50 1-20 1-34 
0-6 1-53 1-21 1-30 
0-8 155 1-22 1-27 
| 1-0 1-58 1:23 1-24 
| 15 1-65 1-26 1-19 
2-0 1:74 1-29 1-15 
4 2-5 1-83 1:33 1:17 
3-0 1-93 1:36 
3°5 2-03 1-39 
4-0 2-13 1:43 
4-5 1-46 
5:0 1:49 


§11. RESULTS FOR DILUTE SOLUTIONS. 


It will be observed that the results obtained in the present research, indicated 
n Fig. 8, agree with those previously obtained by the author by his earlier methods, 
xcept in the case of feeble solutions of potassium and sodium chlorides. 

The author has no doubt that the present results are more exact, for in the 
earlier gravitational method much less accuracy was to be expected in the case of 
weak solutions than in that of stronger ones. In the method described in the present 
Paper, the optical measurements involved are no less accurate in the dilute solution 
near the top of the diffusion tube than they are in the stronger solutions beneath. 
A great deal of interest is associated with the diffusion of dilute solutions and many 
experiments have been made to test the results obtained in the weak solutions 
represented by the initial portions of the curves, Fig. 8. 

The first point to be determined was whether the initial values of the coefficient, 
higher than were to be expected from the former investigations, might be due to 
some end-effect, This was examined by repeating the experiments as before, except 
that the bottle M (Fig. 3) was filled with a dilute solution (n=0-02gm. /c.c.) of the 
salt under investigation, instead of pure water. Thus a steady flow of weak solution 
passes over the diffusion tube, and the initial portion of the curves (Fig. 8) is. 
eliminated, as under these conditions, concentrations less than »=0-02 are not ob- 


tube caused by the current of liquid, if the experimental curve (Fig. 8) is found to. 
bend upwards and still give abnormally high values in its initial portion ; but if: 
the results now obtained lie normally on the curve previously found when using a 
current of pure water, right down to the lowest concentration »=0-02, the absence 
of any such end-effect will be indicated. 

As a result of the experiment, the dotted curves in Fig. 6, and the points shown ~ 
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in Fig. 8 by cireles, ©, were obtained. The numerical results are tabulated in] 


Table XT. below —— 
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TABLE XI—Diuluie Solution Flowing over the Diffusion Tube. 


{ 


; Na Ci. K Cl. 
Normality K, X 10C.G.S. Normality. Kx 10°C.G.S. 

t Q-47 | 1-211 0-35 1-501 
1 O57 1-213 0-44 | 1-510 
67 1-216 ! 0-53 1-522 
) @-98 1-236 | 0-76 1-547 

1-50 | 1-269 1-16 1-600 
2-01 1-307 1-54 1-659 
: 2-52 1-344 1-93 1-728 
3-02 1-377 2-30 1-795 
) 3-50 i 1-413 . 2-66 1-862 


There is no sign of a minimum in the diffusivity within the range of concentration 


given above. Thus it appears that any end-effect is negligible, and the high values 
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solutions in Table X. cannot be due to this 
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increasing the rate of flow of the water current 
is any mechanical stirring up of the solution - 

nereased if this current is augmented. An 
ct mentioned, but it was found 
employed could be used without - 
coefficient of diffusion deduced from the: 
dicated in Fig. 6 by the curves 7 and 8, 
) water currents of about 85 c.c. per day. 


| Na €l. KCl 
: ans . ef] 

Normality. KnX10°C.G.S. Normality. Ky, X10°C.GS8. 

0-059 1-264 0-060 1-585 
| 0-170 1-249 0-143 1-545 | 
(0-280 | 1-234 0-226 1-535 

0-614 1-229 0-486 1-544 

1-18 1-260 0-919 1:592 

1-73 1-299 1-34 1-652 

2-28 1-344 1-75 1-721 

2-82 1-382 2-16 1-793 
3°35 1-416 2-55 1-876 

3:88 1-452 2-93 1-952 

4-40 | 1-486 3-30 2-032 
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A glance at the curves will show that flows of this order tend to reduce the 
value of / (see Fig. 6) and to make a small, but perceptible increase in the value of 


the diffusivity obtained. The actual numerical results are given in Table XII. :— 


TABLE XII.—Water Current 85 c.c./day. 


These figures show an increase in the value of the coefficient, compared with that 
given in Tables VII. and VIII. for similar concentrations, of about | or 2 per cent., 
but the substantial agreement between the results obtained with such water currents 
as were normally employed—50 c.c. per day—(indicated by the crosses in Fig. 8), 
and those found in the previous researches carried out by the author in which there 
was no flow at all (represented by the triangles in Fig. 8) appears to justify the 
assumption that the normal rate of flow is sufficiently slow to avoid those disturbances 
in the solution which may accompany more rapid currents of water. 

In the case of K NO, we have a curve resulting from the investigation quite 
different from the other two shown in Fig. 8, but it is interesting to observe, aS was 
pointed out to the author in 1916 by Prof. S. W. J. Smith, that curves like those shown 
for K Cl and K NO, are to be expected on theoretical grounds. For moderate 
concentrations the experiments show that in K Cl the diffusivity decreases with 
increase in dilution, i.e., according to Nernst’s theory, uv/(u+v) decreases with 
increase in dilution, where u and v are the specific ionic velocities. In K NO, 
however, the experiments suggest an increase in wv/(u-+-v) as the dilution increases. 
This difference in the behaviour of the two salts must be due to their different anions, 
for they both possess the same cation. Now Hittorf has found that for solutions 
of moderate concentration, the transport number v/(u--v) decreases with increase 
in dilution in K Cl, and in the case of K NO, increases as the dilution increases, 
thus confirming in this respect the relative slopes of the experimental curves for 
these two salts. 

In the cases of K Cl and Na Cl it can be confidently stated that the experiments 
demonstrate that a minimum value exists in the diffusivity, and the position of this 
minimum value is estimated with fair accuracy at about 0-3 and 0-4 normal for 
the two salts respectively. In solutions diluter than that mentioned, the diffusivity 
increases on account of the rapid increase in ionisation of the salts in solution as the 
concentration approaches zero, and tends towards the limit theoretically deduced 
by Nernst for solutions of infinite dilution, viz., 1:70 x 10-5: 1:37x10-% and 
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in this investigation. 


§ 12. CONCLUSION. 


It will be recalled that Arrhenius, by his conception of the principle of ionic \ff 
dissociation, enabled Nernst (Zeitschr. f. ph. Chem., Vol. 2, p. 618, 1888) to apply \f 
this theory to the diffusion of dilute solutions of electrolytes, with the result that he 
deduced the well-known expression by means of which the coefficient of diffusion of 
such solutions was given in terms of the specific ionic velocities. In 1892 Arrhenius 
(Zeitschr. f. ph. Chem., Vol. 10, p. 51, 1892) himself attempted to apply these methods. 
to more concentrated solutions, and concluded that the coefficient of diffusion for 
electrolytes, with increasing concentration, should first fall from its value at infinite 
dilution on account of decreasing dissociation ; and later, in more concentrated solu- 
tions, should increase on account of intermolecular attraction. Thus the coefficient 
for electrolytes should pass through a minimum value as the concentration is in- 
creased from zero. Arrhenius cites some: results of Scheffer’s experiments (Zeit. f. 
ph. Chem., Vol. 2., p. 390, 1880), which suggest this minimum. Oholm (Zeit. f. | 
ph. Chem., Vol. 50, p. 309, 1904-5) also considered that he had observed some indi- 
cation of the minimum expected by Arrhenius, but in his researches the “ mini- 
mum ’’ would appear to be associated with a quite considerable concentration, 
which not only is not in agreement with the deductions from Scheffer’s experi- 
ments, but also is in itself improbable from our knowledge of the degree of disso- 
ciation connected with solutions of different concentrations. 

In the experiments described in the present Paper, however, we have distinct 
reasons for believing that something similar to that predicted by Arrhenius has 
been actually observed, probably for the first time, and the graphs shown in Fig. 8 
are remarkably similar to that given by Arrhenius (Zeit. f. ph. Chem., Vol. 10, p. 88, 
1892), as what was to be expected as a consequence of his theoretical speculations. 
Experimental confirmation of these speculations has not been achieved previously 
with any certainty on account of the great difficulty of obtaining sufficient 
accuracy when dealing with such dilute solutions. Extreme care must be taken to 
avoid even small disturbances of the solutions during experiment, and this necessity 
is not realised in many of the methods of investigation commonly adopted. For 


example, both Scheffer and Oholm employed a favourite method, in which the 


distribution of salt in the diffusing liquid is determined by syphoning the solution 
into a number of separate flasks and subjecting their contents to chemical analysis. 
It is obvious that it would be impossible to avoid disturbances in the liquid, insepar- 
able from this method of experiment, which would be of quite a serious magnitude 
when dilute solutions are under investigation. 

The experimental verification of Arrhenius’ theory obtained in the research 
described in the present Paper has been achieved because the method not only 
employs the steady state of diffusion, in which the concentration at each point of 
the solution remains constant, while all the observations and measurements are made, 
and which greatly increases the probability of accuracy in the results; but also 
because, in this optical method, all sources of serious disturbance in the solution have 
been eliminated, and moreover, the measurements involved are liable to no more 
error in the case of dilute solutions than in those of much greater concentration, 
This fact is so contrary to what obtains in most processes of experiment that it makes 
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the method of particular value in the study of the diffusion of very dilute solutions. 
The chief point in doubt is the exact value of the concentration of the solution at the 
top of the diffusion tube. This is of no considerable importance until very dilute 
solutions are under consideration. For such solutions the value of the coefficient 
of diffusion can be determined, from the experimental observations described in this 
Paper, with greater accuracy than the exact value of the associated concentration. 
The general shape of the curves (Fig. 8) will be unaltered, but there may be a slight 
shift in the origin. 

It may be claimed that the experiments described in this Paper not only demon- 
strate the existence of a minimum value in the diffusivity of certain salts dissolved 
in water, as was deduced from theoretical considerations by Arrhenius, and indicate 
the position of this minimum with considerable accuracy, but also for concentra- 
tions greater than about 0-25 normal, confirm the results previously obtained by 


‘the author by independent methods (see Footnote § 1), and it may be stated that the 


value of the coefficient of diffusion of such solutions is known with fair accuracy. 
We have discovered, moreover, the range of concentration which requires additional 
examination, and the author hopes to investigate these dilute solutions further in 
the near future. 

The research has been carried out during the years 1920 to 1924 in the Physics 
Laboratories of Birkbeck College, and the author would like to express his gratitude 
to Prof. A. Griffiths, who not only suggested the investigation, but who has been 
always willing to assist with valuable advice and useful suggestions. 


DISCUSSION, 

The PRESIDENT expressed regret that the lateness of the hour precluded a discussion of the 
Paper. He considered that the scientific world is very much indebted to investigators at Birkbeck 
College, particularly Prof. A. Griffiths and Dr. B. W. Clack, for their experiments on diffusion. 
This admirable work had required the greatest patience, and it was extremely exact. 


Prof. A. GRIFFITHS (communicated): In my opinion the work of Dr. Clack constitutes a 


 yery distinct advance in the study of diffusion through liquids. The agreement of the values 


of the coefficient of diffusion in the present work with those given by an earlier method, at all 
but feeble concentrations, is eminently satisfactory. The values of the results given by the 
present method at feeble concentrations are very cheering, leading one to hope that before long 
it will be possible to obtain numerical agreement between experimental results and theoretical 
conclusions. ‘The present work of Dr. Clack indicates in the cases of the salts studied the range 
over which experimental results of still greater accuracy are required. I believe Dr. Clack has 
a choice of two or three methods of improving his work, and hope that he will have the honour 
of a final conquest of a most difficult branch of experimental study. 
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XXII.— COHESION (VI). 
By HERBERT CHATLEY, DSe., 2 4 Inst. P. 


Received September 10, 1923. 


i Paper I. (Proc. Phys. Soc., Vol. 27, pp. 443-460), it was shown that stress- 
strain curves for solids could be compared to the graph of an expression 


t=i,—t, =k.d-*=—k,d™ 


where /, is the intermolecular attraction, 
#, is the intermolecular repulsion, 
ky, Ra, yy, Yg are Appropriate coefficients, 
d is the distance from centre to centre of the molecules. 
The Bragg theory shows that in solids the structural elements are the atoms. | 
These are, however, either alternately positive and negative, or they alternate | 
with valency electrons, so that the solid may be regarded as built up of doublets, | 
whose mutual attraction within the field of any one pair approximately varies | 
inversely as the inverse fourth power of the distance. According to Born, Landé | 
and Fajans,* the repulsions of the electron fields follow an inverse tenth power of | | 
the distance. 
It is therefore proposed to consider here some conclusions on the lines indicated _ 


in Paper IT. (Proc. Phys. Soc., Vol. 28, pp. 307-315) as to the applicability of an | ) 
inter-doublet bond of the form 


i=k,d-*—k,d-* <) e Oe e ‘ e = ~ S s (1 


Since the number of doublets per centimetre=1/d this formula may be ex- | 
pressed as a sfress by writing 


f=kd-*§—k,d-™ 
At equilibrium, when d has the value d, and fis zero, 
kaka 
which corresponds to the “‘ molecular pressure.” 
k,=k,d,* or kg=k,d,-*. 
The stress corresponding to a doublet distance d may then be written 


f=kya-*—kd fd. . Sg de 


* Various references in Science Abstracts (1919-1922). | 


v 
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This is a maximum when d/d,—°/2=1'123, which agrees moderately well 
with experience, as most materials rupture when the extension is of the order of 10 
per cent. 
For this value of d, the maximum stress=0-25 x‘ molecular pressure,” 
and the maximum inter-doublet bond=0:3257 x equilibrium doublet linkage. 
The stress-strain ratio or linear modulus of elasticity is 


ae = 6 ited Oe a ee ee 


When d=dp, this is 


If the volwme is reduced by 20 per cent. so that 
d=*/0'8 d,=0'9283 dy 
- then f==-21°45 «dg * = 0 D1e, 


implying that the linear modulus would be increased 3°57 times by a pressure which 
reduces the volume by 20 per cent. 

Most actual materials diminish in linear elasticity under compression, but this 
is due to lateral yielding, and the only case which is suitable for comparison is that 
of bulk or volume elasticity. 

The observed variations in the bulk modulus of solids under maximum ex- 
perimental pressures (say 10,000 kilo/cm.?) are too small to be useful, and the values 
of the “ molecular pressure’ must be very high. Bridgman’s results with fluids 
do, however, provide a comparison. He found that the bulk modulus of water 
increases to about 54 times its initial value under 12,000 atmospheres, the volume 
diminishing by 20 per cent. Presumably solids behave similarly under much 

greater pressures. 
4 Writing the compression stress positive and using volumes (vx 4?) 


ibe ee en ae cee ae 
By equilibrium conditions when p=0 
a=bv,? 
and De Wige t OT) on tet oan el aa Be (5) 
ob _o( tog $420") 
and the compressibility 
1 —dév 1 


aes "6p 2b(v-2—20,? v-4) © 
The product of the stress into the compressibility 


bp One y-4£—y-2 
~ 2(y-2—20 7 v4) 
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This is negative if v<vg and zero when v=vy. Ifv=ciy 


c-4—c-2 (7 
mie pe 
pp 2(c-2 —2c-*) 
Bridgman’s values in case of water from the Smithsonian Physical Tables and 
the calculated ones are given below :— 
o +2500) c-*—c-2 
p (atmosph.) iB L08 | c PB | (P+25 aay 
0 49 | 1-0 0) | 0-1225 0 
200 | 43 | 0-991 0-0086 0-1161 0-0086 
400 | 41 0-982 0-0164 | 060-1189 0-0171 
| 500 39 0-978 0-0195 | 0-1170 0-0206 
1,000 | 33 0-96 0-0330 0-1155 0-0369 | 
12,000 9 0-80 0-1089 |. 0-1305 0-132) 
164,000] 228* | 0-50 0-214 
984,000 0-239* | 0°33 | 0-235 
8,200,000 0:08%= | S020, 4 fe 0-245 
* Hypothetical | calculated. 


The column headed (pf x 2500) is inserted to show that an assumed molecular 
pressure of 2,500 atmospheres gives a fairly constant product when added to the 
pressure and multipled by the compressibility. 


The conclusions to be drawn are thus :— 


(1) That the Born-Landé expression agrees with a linear expansion before 
rupture in solids of about 12 per cent. in any direction which conforms 


moderately well to the results of uni-directional tension experiments with 
non-plastic materials. 


(2) The space-rate of change of compressibility deduced from the same ex- 


pression agrees very fairly well with the experimental results obtained with 
fluids under high pressures. 


DISCUSSION. 


Prof. A. O. RANKINE said that while he recognised that the numerical results of the theory 
were fairly consistent with experimental values, he could not help suspecting that this was a 
coincidence. What little is known of the nature of cohesion seems to indicate that the laws con- 
cerned must be far more complicated than a simple inverse power law. The doublets would 
only attract according to an inverse fourth-power law at a distance great compared with the 
distance apart of their components, not at the distances which actually obtain in a crystal; and, 
again, in a crystal the electron swarms of neighbouring atoms must be very close to one anot er 
in certain regions, and it is difficult to see why the particular law adopted in the Paper should 
hold. Further, the field of force round an atom must be regarded as having a1 axis, not as being 
spherically uniform and independent of direction. It seems unsatisfactory also to test a theory 
based on the structure of a solid crystal by measurements.made on water in the liquid state. 


Dr. D. OWEN said that, while he agreed with the previous speaker that the formule proposed 
in the Paper were open to objection, any hypothesis seemed better than none. Calculations 
such as the Author had made might be of value in suggesting limiting values of elasticity and 
density under great stresses ; they permitted, for example, of interesting speculations as to the 
conditions of matter deep in the earth’s interior. 

AvTHOR’S reply (communicated) : The author agrees with Prof. Rankine that the law must 
be far more complicated than a simple inverse power law, but thinks that a statistical average 
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effect might apply with different coefficients for different materials. The invalidity of the inverse 
fourth conditions at distances small compared with the separation of the doublet-components 
is mathematically certain, but the separation of the effective components may frequently be 
small, and in the case of alternate positive and negative ions the minimum ratio is not less than 
unity. The fields are certainly polarised, but the crystal packing suggests that in many cases 
there are three axes of maximum force and that the ellipsoid of attractive force would not differ 

greatly from asphere. As to the use of water instead of solids for comparison of the rate of change 
of compressibility, it does not appear that the rates for solids have yet been measured with 

sufficient accuracy to be determinative, but they certainly tend to change in the same way. 

He expresses his gratitude to Dr. Owen for reading the Paper. As to effects within the 
earth, by this analysis he has convinced himself for the first time that the high mean density 
of the earth must be due to high molecular weights and not to compression. On the general. 
question of the validity of the approximation it is noteworthy that the changes with 


temperature produced anomalies. Near the melting point the law of repulsion must have almost 
the same form as the law of attraction. 
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DEMONSTRATION OF SUB-HARMONICS PRODUCED BY A 
TUNING-FORK. 


By W. N. Bonp, M.Se., University College, Reading. 


"THE experiments demonstrated were an extension of those described in a letter 

to Nature of March 8, 1924, and comprised the production of notes of fre- 
quencies equal to submultiples of that of the tuning-fork, their emission depending _ 
on the production of forced intermission at the contact of the fork stem and a 
sounding-board or metal block. 

The note an octave below that of the fork, which has been observed by other 
workers, was produced. Then notes of one-third and one-quarter of the frequency 
of the fork were sounded. Experiments by R. G. Durrant described in Nature 
a number of years ago, in which a water jet controlled by a tuning-fork produced 
a note an octave below that of the fork, were mentioned as being the most similar 
experiments known to the author. A sonometer experiment to test the frequencies 
of the notes was described. The notes were shown to be due to intermittent contact 
of the fork and metal block by completing a circuit containing an ammeter and 
loud-speaking telephone. The ammeter showed different mean currents for different 
sub-harmonics. | 

Graphical records were shown which had been obtained by inserting a Deprez 
lelectromagnetic signal marker in the circuit, the results being summarised in the 
following table :— 


Fundamental ... ee a . 2883-10  .. (288) 
1st sub-harmonic nes wae -. 144-4-+0-3 (144) 
2nd s Le nee ve 95-64-02): (96) 
ord s me Be Se T1-5+40°3 (72) 
4th * as 3h ite 58-4+0-5 ... (57-6) 


The possibility of the experiments having some bearing on the theory of audition 
was mentioned. 

Mr. Bond thanked Dr. D. Owen for his interest in the experiments, Mr. A. W. P. 
Wolters for the loan of the apparatus, and Mr. R. C. Walker for help in the experi- 
ments. 

Communicated subsequently : During the later experiments the author found 
that the possibility of the existence of sub-harmonics has been mentioned by Jae 


Dunk in his books on Tonality, the term “coincidental series ”’ being used to 
describe them. 


2 ga Ree Uniform with the —— ae 
THE SCIENTIFIC. PAPERS OF 
JAMES PRESCOTT JOULE, D.C.L., E.R. S; 


Vol I. 4 Plates and Portrait, price 18s. ; to Fellows, 9s. Le tao ee 
fe Vora: 3° Plates, apriee 12s, ; to Fell ows, OSS ok et ee 


Come eae PHYSICAL “MEMOIRS. Sees 
I—Von Hermuortz, On the Cheinical Relations of Electrical Currents. Pp. 110. ‘Pree 

: 0 Fellows, 3s. 3 PLE 
at —HIrrorr, On the Conddcton of Blectricity ‘in Gases ; ss “Bury, Radiant Hlectrode. se Re 
Matter. ae 222. Price 12s.; Fellows, 6s. ees 


ER WAALS, On the Conthinity of the Liquid and aS. States of ‘Matter. é 
Price 12s. 7210 F ellows, 6s. 


“REPORT a RADIATION AND — THE QUANTUM THEORY. 


y J. H. JEANS, Ses LE:D.;< F.R.S. 
econd Edition Now Ready — Price Ts. ‘6d. ; ‘to Fellows, 3s. 9d.” Bound im Cloth, 10s, Ga. 


REPORT ‘ON THE RELATIVITY THEORY OF > GRAVITATION. at 
TAs By A. S. EDDINGTON, M.A., M.Sc., F.R.S. oe = 
SP iwi Professor. of Astronomy and. Experimental Philosophy, Cambridge. 

Third ‘Edition— Price 65.5 2 to Fellows, 3s. Bound in cloth, 85. 6d.; to Fellows, 6s. 


“REPORT “ON SERIES IN: LINE~ “SPECTRA. eS 

k ze -. By A. FOWLER, F.R.S-5 i 
ee ‘Seofeiaor of Astrophysics, Imperial College of Science, South Kensington, London. CZs. eae 
Price t to NowFdlous, 128, 64.5. to Fellows, ‘68. 3d. Bound 4n Cloth, 15s., to Lely. 96. igs epee! 


= = THE. ‘TEACHING OF PHYSICS IN_ SCHOOLS. 
ea Price to Non-Fellows, Is. Gd. net, post free 1s. 8d. 


METROLOGY _ IN "THE INDUSTRIES. — 
oe eos Price to Non-Fellows, 1s. 6d. net, post free 1s. 8d. 


_ DISCUSSION ON LUBRICATION. 
SPICE to Pee Os, Is. 6d. net, post free \s. 8d. 


ae DISCUSSION. ON” ELECTRIC RESISTANCE. Price 2s, 6d. net. 
of _ DISCUSSION ‘ON. HYGROMETRY. “Price 5s. net. : 


Jee = PROCEEDINGS. 
ee Proceedings” of the Physical BPEIEhY can be obtained at the following, prices :— 
Vol. I. (3 parts) bound cloth, 22s. 6d. oe ee 
= ols. it., EV SV XRT RV VA ‘XXVIL, XXVIIL, vege ae XXX. & XXXL ae NS 

(6 parts each), cloth, 34s. 6d. See es 
Vols. 1H, V1. to Xil. & XXII. (4 parts each), bound cloth, 28s. 6d. eae eee 
“Vol. XIE (13 parts, each containing Abstracts), bound cloth (without Abstracts), 10s. 6d. ~ es 
ev oS. Bak & XV. Ae paris, oe coulaiting Bperiatis): bound cloth (vathont ea Se 
See poe S. 6A. es 


_ ABSTRAGTS | OF ‘PHYSICAL “PAPERS FROM FOREIGN SOURCES. 
_Vors. i (2898), | II. (1896), IIL, (1897), 22s, 64. each; Fellows, 1. 3d. 
a 


"Strong ‘eloth cases for binding the ** Proceedings,” price 3s, 6d. cath: post free. 


LAKESLEY, T. ‘AL he ‘Table of Hyperbolic: Sines and Cosiues. Price 2s. 3d. ; to 
Fellows, 1s. 2d. - 2 5 
‘LEHFELDT, R.A. A List of Chief Memoirs on the Physics’ of . Matter Price.3s.; to _ : 
EUs, ‘As. if Boe Sac Oe 
x > Arpircations aoe i the FBS Publications should be sent direily to aes 

: FLEETWAY PRESS, LTD., 
se DANE SIRE ‘Hic HOLBORN, Lonron, W. on 


‘ : XV. A Critical Rede mn ra ashin, oft Or roltage N 
Tube. Byt. ‘TAYLOR, B fos * 
Ans re inversion. 


ook ‘Henry RINALD' ee a 


Feseeseneay es 


XVIL- A ae r Measurement of Pri 


. oe “ABpaie a. the ‘Determination of 
es - Liquids of High Boiling Points. 
Sie Galeria, oD: Se. 


1 nee sk an 


PCR CHuOnnE Soe SnCn cn cenonnn 


Boor HON Noah Gite Te SO 


ae See cp os ny. ‘By ieee nae L 


Demonstration of Sub- Harmonics: Produced. : 
OWN: Bonn, M.Sc. ries 


Babak re hghcere sR a es 


